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Summary 

The calcium-dependent oxygen evolution activity of  preparations of  Phormi- 
dium Iuridum shows a marked selectivity in favor of  ferricyanide over benzo- 
quinone as Hill oxidant.  In addition, the rate of  oxygen evolution increases 
with increasing solution redox potential  over the range +350 to +550 mV vs. 
the standard hydrogen electrode. These properties pertain to both 3-(3,4- 
dichlorophenyl)-l , l -dimethylurea-sensit ive and -insensitive fractions of the 
total oxygen evolution activity. Neither changes in solution potential  nor use 
of  oxidants other than ferricyanide obviate the need for added Ca 2÷. 

To explain these observations, two models are proposed,  each of which 
invokes the existence of  a redox component  located within Photosystem II and 
having a midpoint  potential greater than +450 mV. In one model,  the postu- 
lated species is a donor  which competes  with water for oxidizing equivalents 
generated by  System II. In the other  model,  the 450 mV species is a high- 
potential primary acceptor  of  System II electrons. 

Introduction 

We have recently described the Ca2+-dependent evolution of  oxygen from 
cell-free preparations illuminated in the presence of  ferricyanide [1,2].  The 
phenomenon is observable after French-press t reatment  of  Phormidium 
luridum or other  species of cyanobacteria.  Cell breakage effects a release of  
endogenous calcium and, we believe, allows an inherent Ca 2+ requirement of  
the Photosystem II reaction center or water-oxidation apparatus to become 
manifest. 

* To whom reprint requests should be s e n t .  
Abbreviations: DCMU, 3-(3,4-dichlorophenyl)-l,l-dimethylurea; MES, 2-(N-morpholino) ethanesulfonic 
acid. 
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In this report, additional evidence will be presented that the French-press 
procedure selectively dismantles the cyanobacteriai photosynthetic machinery. 
As in the case of Ca 2+ dependence, the altered properties of the resulting prepa- 
rations may provide insight into the functioning of the photosynthetic system 
in its native state. In particular, we will present evidence of a high redox- 
potential component located within Photosystem II. The component may or 
may not be an electron carrier along the main electron transport path involved 
in oxygen evolution. 

Methods 

P. lur idum vat.  olivacae was grown and subjected to French-press breakage as 
described in detail elsewhere [2]. Whole cells were removed by centrifugation 
over a cushion of 0.4 M sucrose. Breakage and assay were carried out in the 
presence of 8 mg 'Pentex' defatted bovine serum albumin per ml of buffer 
containing 10 mM 2-(N-morpholino) ethanesulfonic acid (MES) (Sigma) and 
5 mM NaOH, pH 6.2. During the assay, 30 mM NaC1 was present, as were 6--26 
~g ctllorophyll/ml. 

Oxygen evolution was determined using an oxygen luminometer as described 
[2]. The practical detection limit for this system is 100 nmol/mg chlorophyll 
per h. The assay medium for French-press preparations contained 10 mM 
MES/NaOH, pH 6.2, 30 mM NaC1, and in a total volume of 2.1 ml, 16 mg 
albumin and 10--20 ug chlorophyll. Other additions were as indicated. 
Generally, samples were illuminated with continuous saturating light until a 
steady-state level of oxygen evolution was attained. Where indicated, 20-s 
pulses of continuous illumination were given, repetition of pulses providing an 
estimation of the rate of  activity loss during illumination. If these losses 
exceeded 10% during the first pulse, the activity obtained at the onset of 
illumination was calculated and reported. For light sources, filters and deter- 
mination of chlorophyll in French-press preparations, see ref. 2. 

Solution redox potential determinations were made using a Radiometer com- 
bination platinum-caiomel electrode and PHM-64 pH meter. Values are pre- 
sented as mV vs. the standard hydrogen electrode, 240 mV higher than the 
measured potentials [3]. Stability of the redox potential, generally within 
10 mV of the reported value, was ascertained by potential measurement before 
and after addition of chlorophyll~containing material and exposure to light. 

NaFeIIIEDTA was obtained from Calbiochem, Na4SiW1204 (sodium silico- 
tungstate) and NaReO4 from Alpha-Ventron, and NaVO3. xH20 ('sodium 
vanadate (pure)') from Eimer and Amend, N.Y.C. Benzoquinone was purified 
by sublimation, and 3-(3,4-dichlorophenyl):l,l<iimethylurea (DCMU; 
Dupont) by recrystailization from dimethylsulfoxide. 

Results 

As shown in Fig. 1, curve a, the ferricyanide~oupled oxygen evolution 
activity of the P. lur idum French-press preparation is partially insensitive to 
DCMU; activity fails with increasing DCMU concentration, but  approaches an 
asymptotic value of about 30% of the total. The size of the DCMU-insensitive 
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Fig. 1. E f f ec t  o f  DCMU on  o x y g e n  e vo lu t i on  f r o m  the  French-press  p r e p a r a t i o n  and  who le  cells of  P. 
luridurn. Samples  w e r e  i l l umina ted  wi th  20 s of  sa tu ra t ing  l ight a f t e r  a 15-rain da rk  i n c u b a t i o n  in the  

p resence  o f  DCMU as ind ica t ed ,  a nd  a t  a c h lo rophy l l  concen txa t ion  o f  10 ~g /ml .  Ac t iv i ty  losses dur ing  
i l l umina t ion  were  less t h a n  10%. O p e n  circles: French-press  p r e p a r a t i o n  i so la ted  and  assayed  in bu f i~ r  (see 
t ex t )  con t a in ing  33  m M  CaCI2, and  assayed  a t  3 .2 m M  f e n i c y a n i d e ,  E = 590  m V  vs. s t a n d a r d  h y d r o g e n  
e lec t rode .  Closed circles:  who le  cells in 10  m M  MES/30  m M  NaCI/1 m M  b e n z o q u i n o n e .  Lines  are calcu-  
la ted  on  t he  basis o f  f i r s t -order  b ind ing  and  inh ib i t ion  b y  DCMU. F o r  the  p r e p a r a t i o n  (curve  a)  70% of  
the  to t a l  ac t iv i ty  was  t a k e n  to  be  DCMU-sensi t ive  a nd  the  DCMU b ind ing  m i d p o i n t  2.0 pM. Fo r  who le  
cells (curve  h)  t he  line is based  on  a m a x i m a l  inh ib i t ion  of  100%, wi th  a m i d p o i n t  of  0 .2/~M. Cont ro l  ra tes  
of  o x y g e n  evo lu t ion ,  o b t a i n e d  in the  absence  of  inh ib i to r ,  we re  fo r  the  p r e p a r a t i o n  65  an d  for  who le  cells 
1 1 2 / ~ m o l / m g  ch l o rophy l l  p e r  h.  

fraction varies considerably between preparations [1],  but  is always much 
greater than that of  whole cells, whether  the latter are coupled to the reduction 
of  benzoquinone {Fig. 1, curve b), ferricyanide or CO2 [4].  

As well as being partially insensitive to DCMU, the French-press preparation 
shows, in the DCMU-sensitive fraction of  its oxygen evolution activity, a 
diminished affinity for the inhibitor (Fig. 1). Half-saturation of  the sensitive 
fraction in the preparation was obtained at about  2.0 ~zM DCMU, vs. 0.2 p2¢I in 
intact cells. 

Both DCMU-sensitive and -insensitive fractions of  oxygen evolution activity 
in the French-press preparations are Ca2+-dependent; Ca2÷-independent oxygen 
evolution rarely exceeds 10% of  the total  [2] while 30--60% of  the total is 
DCMU-insensitive (ref. 1 and Fig. 1). It follows that Ca 2÷ is needed at a step 
in the electron transport  pathway before the site of  action of  DCMU. 

To examine the possibility that  the effects of  Ca 2÷ on oxygen evolution rate 
were due to interactions with ferricyanide, an effort  was made to find alter- 
native oxidants which would support  oxygen evolution. In fact, the preparation 
was highly selective in its ability to utilize exogenous electron acceptors. In this 
regard it resembles an earlier P. luridum preparation based on solubilization of 
photosynthet ic  membranes by a non-ionic detergent [4]. Table I shows that  
of  several inorganic oxidants tried, only three, ferricyanide, ferric-EDTA, and 
orthovanadate were found to be effective, and two supported only low rates 
of  oxygen evolution. A number  of  oxidants not  listed, including K~IrC16, inacti- 



401 

T A B L E  I 

Ca 2+ D E P E N D E N C E  OF L I G H T - S A T U R A T E D  R A T E S  OF O X Y G E N  E V O L U T I O N  C O U P L E D  TO 
V A R I O U S  E L E C T R O N  A C C E P T O R S  

French-press  p r e p a r a t i o n s  of  P. luridim assayed  in the  p resence  o f  ox idan t s  ind ica ted ,  c o n c e n t r a t i o n s  
given in raM,  e x c e p t  fo r  N a V O  3, wh ic h  is given in ~g /ml .  I f  an  o x id an t  failed to  s u p p o r t  o x y g e n  evolu-  
t ion ,  f e r r i cyan ide  was  a d d e d  to  tes t  for  inac t iva t ion  of  the  oxygen-evo lv ing  appa ra tus ;  in no  case 
p r e s e n t e d  was the  f e r r l cyan ide -coup led  ac t iv i ty  grea t ly  c ha ng ed  b y  the  p resence  o f  the  o th e r  ox idan t .  An  
as ter isk  ind ica tes  ins tabi l i ty  of  the  m e a s u r e d  r e d o x  po ten t i a l ,  t h o u g h  the  l a t t e r  was  a lways  above  500  m V  
vs. s t anda rd  h y d r o g e n  e lec t rode .  P repa ra t i on  no .  1: s teady-s ta te  ra te  u n d e r  c o n t i n u o u s  i l lumina t ion ,  wi th  
or  w i t h o u t  3.8 m M  CaCl 2. P repa ra t i on  no.  2: i l l umina t ion  wi th  20 s of  co n t i n o u s  l ight ,  w i th  or  w i t h o u t  
33 m M  CaC12, and  c o r r e c t e d  for  ac t iv i ty  losses (10- -20%,  see Methods) .  

O x y g e n  evo lu t ion  
( # m o l / m g  ch lo rophy l l  pe r  h)  

No Ca 2+ With Ca 2+ 

E ( m V )  
(vs. s t anda rd  
h y d r o g e n  
e l ec t ron  

P repa ra t i on  no .  1 
K 3 F e ( C N )  6 + K 4 F e ( C N ) 6  (0.3 ,  0 .3 )  0.6 6.5 470  
N a F e I I I E D T A  (30)  0 .4  I . I  * 
K M n O 4  (0 .3)  n .d .  <0 ,1  * 
Na4SiWI 2 04 + DCMU (0.I, 0.09) n.d. <0,I * 

Preparation no. 2 

K 3 F e ( C N ) 6  + K 4 F e ( C N )  6 (3 .2 ,  0 .2 )  1.6 9,4 540 
N a V O  3 • X H 2 0  (430 )  0.6 1,9 540 
N a R e O 4  (3 .2)  n .d .  0 ,8 545 
KC104 (3 .0)  n .d .  0.7 560 

n.d . ,  n o t  d e t e r m i n e d .  

vated ferricyanide-coupled oxygen evolution. This was not  the case with any of  
the acceptors appearing in Table I (see legend). 

It is important  to note  that  in no instance did substi tution of  another oxi- 
dant  for  ferricyanide increase oxygen evolution activity in the absence of  added 
Ca 2÷ (Table I) i.e., no oxidant tested was able to bypass the Ca2+~lependent 
step. This excludes Ca2÷-ferricyanide interaction as the origin of  Ca 2÷ stimula- 
tion of  oxygen evolution rate [2].  

The lipophilic oxidant benzoquinone supported only low rates of  oxygen 
evolution in French-press preparations (Table II) though it did not  inhibit ferri- 

T A B L E  II  

L I G H T - S A T U R A T E D  R A T E S  OF O X Y G E N  E V O L U T I O N  C O U P L E D  TO B E N Z O Q U I N O N E  A N D  TO 
F E R R I C Y A N I D E  

French-press  p r e p a r a t i o n s  of  P. luridim were  assayed  in e i the r  0 .10  m M  each benzo-  and  h y d r o q u i n o n e ,  or  
in 0 .30  m M  each  ferri- and  f e r rocyan ide .  Cen t r i fuga t ion  ove r  a 0.4 M sucrose cush ion  was  appl ied in the  
" l o w  who le -ce l i "  p r e p a r a t i o n ,  b u t  n o t  in the  o thers .  DCMU c o n c e n t r a t i o n  used  was  10 /zM. 

O x y g e n  evo lu t ion  0 z m o l / m g  ch lo rophy l l  p e r  h)  

Qu inone  Qu inone  Fe r r i cyan ide  
+ DCMU 

no  CaCl 2 1.0 <0.1  0 .48  
11 m M  CaC12 1.3 <0.1  10.6 
11 m M  CaC12, low whole-cel l  p r e p a r a t i o n  0.4 n.d.  9 .4 

n .d , ,  n o t  d e t e r m i n e d .  
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Fig. 2. Effect  o f  so lu t ion  r e d o x  potent ia l  o n  l ight-saturated rates of  o x y g e n  evo lut ion .  French-press 
preparat ion o f  P. lur idum w a s  a s sayed  in the  usua l  b u f f e r  c o n t a i n i n g  0 .3  m M  f e r r i c y a n i d e  a n d  CaCI 2 as 
indicated.  Ferroeyanide  concentra t ion  w a s  va r i ed  f r o m  0 to  27 raM. The  indicated potent ia l  was deter- 
m i n e d  a f t e r  assay  o f  samples .  

cyanide-coupled activity by  more than 10% (data not  shown). Table II indi- 
cates that  the benzoquinone-coupled activity was independent  of  external Ca 2÷ 
concentration,  was DCMU-sensitive and could be selectively diminished by 
centrifugation of  the preparation over 0.4 M sucrose. It is likely that  oxygen 
evolution from the French-press preparation in the exclusive presence of  benzo- 
quinone arises from a relatively intact fraction of  the preparation, i.e., one 
which has retained endogenous Ca 2÷ and a System II reaction center/primary 
acceptor  which is inaccessible to added oxidants. Apparently,  this fraction 
couples poorly to ferricyanide, since the total ferrieyanide-coupled activity is 
scarcely diminished by  removal of  the bulk of  benzoquinone:coupled activity 
(Table III). 

Fig. 2 shows that  over the range of  350--550 mV vs. standard hydrogen 
electrode, the oxygen evolution activity of the P. luridum French-press prepara- 
tion follows the solution redox potential established by the ratio of the ferri- and 
ferrocyanide. At equal concentrations of  ferri- and ferrocyanide, 10-fold varia- 
tion in ferricyanide concentrat ion has no effect  on oxygen evolution rate (ref. 
2 and Table VI) strongly suggesting that Fig. 2 is an equilibrium titration of  a 
rate-controlling redox componen t  within the preparation. Damage inflicted 
by  oxidants beyond  550 mV prevented at tainment of  an activity plateau, but  
it is evident from the data presented that the midpoint  of  this redox compo- 
nent  is at least 450 mV. These findings are similar to those reported previously 
for a detergent-based P. luridum preparation of  lower maximal activity [ 1]. 

From Fig. 2 it is evident that  Ca 2÷ concentrat ion and solution redox poten- 
tial are distinct in their influence upon oxygen evolution activity; Ca 2+ depen- 
dence shows no sign of  diminishing at high solution potential,  and at saturating 
(29 mM) Ca 2*, sensitivity to potential  is most  pronounced.  
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Discussion 

The French-press preparation described here possesses three remarkable 
properties related to electron transport. First, some 30% of the oxygen evolu- 
tion activity is insensitive to DCMU (Fig. 1). Second, both DCMU-sensitive and 
-insensitive fractions of the total activity are highly selective in favor of ferri- 
cyanide over benzoquinone as Hill acceptor (Table II). Finally, the light- 
saturated rate of oxygen evolution increases markedly with the solution redox 
potential over the range 350--550 mV vs. standard hydrogen electrode (Fig. 2). 

Two models, illustrated schematically in Fig. 3, might explain these unusual 
characteristics. In the first model (Fig. 3a), a redox carrier having a midpoint 
potential of about 450 mV is capable of donating electrons to the photooxi- 
dized System II reaction center in competition with water. Oxidation of this 
component, which by hypothesis could only carried out by certain one- 
electron oxidants, would permit water oxidation and the flow of electrons 
through a conventional System II reducing-side scheme. After the primary 
acceptor, the electron flow apparently proceeds through both DCMU-sensitive 
and -insensitive mechanisms. The latter mechanism would be analogous to that 
proposed previously [4] and by other workers [5--8]. According to this first 
model, then, redox sensitivity and Hill oxidant selectivity would be due to a 
component not on the main electron path between water and the terminal Hill 
acceptor. 

In chloroplasts, there appears to be a component similar to the one just 
postulated [9--11]. In each case, the species implicated has a midpoint of 
450--480 mV, and is capable of reducing the photooxidized System II center 
under conditions where water oxidation is inhibited. The appearance of the 
same species in the oxygen-evolving preparation described here would open the 
possibility that this donor controls System II activity in vivo. French-press 
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Fig. 3. H y p o t h e t i c a l  s c h e m e s  o f  e l ec t~on  transport in the P. lur idum French-press preparation. The follow- 
ing spec ie s  are p o s i t i o n e d  in the  diagram ac c or d in g  to  m i d p o i n t  potent ia l :  the  'primary'  S y s t e m  n accep- 
tor (Q), the plastoquinonc pool including secondary acceptors (PQ), ferri/ferrocyanide (FeCN), the  
System II r e a c t i o n  c e n t e r  (PII) ,  and molecular oxygen/water at pH 7 (H20).  As descr ibed  in the text, the  
h y p o t h e t i c a l  d o n o r  (D) or acceptor (U) could have m i d p o i n t  po ten t ia l s  s o m e w h a t  m o r e  ox id iz ing  (lower 
in the diagram) than shown. Wavy arrows indicate photo-assisted electron transfer; double arrows indicate 
equilibria established rapidly w i t h  respec t  to  the  turnover time o f  o x y g e n  evolution. Partial DCMU sen- 
sitivity of electron transfer betweeen U and FeCN is ind icated  by a dashed line. 
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t reatment  might then unmask the redox control  of  oxygen evolution by 
increasing access of  ferri- and ferrocyanide to the postulated donor.  

In the second model,  the ti trated component  lies on the reducing side of 
System II, conducting electrons from the reaction center to ferricyanide. 
Since over 90% of  the oxygen evolution activity in these preparations is redox- 
sensitive (Fig. 1) the state of  reduction of  the proposed componen t  must 
control both  DCMU-sensitive and -insensitive oxygen evolution. In the context  
o f  a reducing-side model  this would require the component  to be located 
between the System II reaction center and the point  at which DCMU blocks 
electron flow. However,  because of its high midpoint  potential,  the proposed 
species cannot be the conventional System II acceptor;  the latter is known in 
chloroplasts to have a potential  below 0 mV [ 12]. 

Considerable evidence suggests the presence, in chloroplasts, of  two one- 
electron acceptors whose reduction is DCMU insensitive [13--15] .  Further- 
more, the work of  Ikegami and Katoh [13] indicates that  one of  these 
acceptors can be t i trated with ferricyanide at a midpoint  of  360 mV. It is 
possible that  in the French-press P. luridum preparation, electron flow is con- 
strained to proceed to  ferricyanide via a similar high-potential acceptor  
(Fig. 3b). While, in chloroplasts, DCMU blocks access of  ferricyanide to the 
360 mV component ,  in the present case DCMU blockage would appear to be 
only partial, and involve a site distinct from that  which normally blocks flow 
from the low potential  acceptor.  This difference would account  for the two 
inhibition midpoints seen in Fig. 1. 

In each of  the models presented above, it is necessary to make the assump- 
tion that  the redox carrier be capable only of  one-electron reactions, otherwise 
it is difficult to account  for the observed selectivity regarding Hill acceptors. 
Under the experimental condit ions employed,  ferricyanide and benzoquinone 
have similar midpoints for one- and two-electron reactions, respectively, but  the 
one-electron potential  of  benzoquinone is very low [16].  While it might be 
expected that electron transport  components  prior to the site of  DCMU inhibi- 
tion be one-electron carriers [17,18] and hence couple poorly to quinone 
[8,19],  in our experiments,  neither DCMU-sensitive nor -insensitive oxygen 
evolution was supported by  this oxidant.  Each of  our models invokes a one- 
electron componen t  whose oxidation by  ferricyanide is required for oxygen 
evolution. Whether this species is located on the oxidizing side (first model)  or 
the reducing side (second model) of  System II, cannot  be determined at 
present. Flashing-light experiments,  which may clarify this issue, are in 
progress. 

In both  models offered, the postulated component  has some similarity to 
cyanobacterial  cy tochrome b-559 [20,21].  While in chloroplasts, this species 
has been excluded by  other  workers as either the t i trated competit ive donor  
[ 22] or the alternative acceptor  [ 13],  its role in the cyanobacterial  preparation 
described here remains to be clarified. 
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