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Summary 

The primary electron acceptor of Photosystem II has a midpoint 
oxidation-reduction potential of +95 mV at pH 7.0 in Photosystem II chloro- 
plast fragments prepared by digitonin treatment. The midpoint potential of 
the acceptor has a pH dependence of --60 mV/pH unit. At concentrations 
that inhibit oxygen evolution, o-phenanthroline shifts the midpoint potential 
of the primary acceptor by +70 mV. The shifted potential retains the same 
dependence on pH. The effect of o*phenanthroline suggests that it interacts 
directly with the primary electron acceptor of Photosystem II in a manner 
similar to that reported previously for the primary electron acceptor in purple 
photosynthetic bacteria. 

o-Phenanthroline is an inhibitor of oxygen evolution by plant chloro- 
plasts [1 ]. It appears to act by blocking the oxidation of the photoreduced 
primary acceptor of Photosystem II by a secondary electron acceptor. 
Evidence for such an inhibitory site was obtained by Knaff and Arnon, who 
showed that o-phenanthroline had no effect on the photoreduction of the 
primary electron acceptor of Photosystem II (monitored by the C-550 ab- 
sorbance change} but did inhibit the rate of oxidation of the photoreduced 
acceptor [2]. o-Phenanthroline also inhibits electron flow at a similar site in 
the electron transport chain of purple photosynthetic bacteria. Studies of 
cytochrome photooxidation [ 3 ] and reaction-center bacteriochlorophyll 
photooxidation [4] purple sulfur bacterium Chromatium, have demonstrated 
that o-phenanthroline blocks the oxidation of the photoreduced primary 
electron acceptor by a secondary acceptor. Similar conclusions have been 
reached concerning the site of o-phenanthroline inhibition in the purple non- 
sulfur bacteria Rhodopseudomonas spheroides [ 5,6] and Rhodospirillum 
rubrum [6]. 

In photosynthetic bacteria, o-phenanthroline appears to interact 
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directly with the primary electron acceptor. This interaction is manifested by 
a shift in the midpoint  oxidation-reduction potential of the primary electron 
acceptor on addition of  o-phenanthroline. In Rps. spheroides the midpoint  
potential is shifted by +40 mV [7,8] ; in Chromatium, by +135 mV [7,9] .  It 
was of interest to see if o-phenanthroline had a similar effect on the mid- 
point oxidation-reduction potential of Photosystem II in chloroplasts. Titra- 
tions of the primary electron acceptor,  as monitored by the C-550 absorbance 
change, in Photosystem II chloroplast fragments (D-10) show that o-phenan- 
throline raises the midpoint  potential of the acceptor by 70 inV. 

Photosystem II chloroplast fragments (D-10) were prepared by digitonin 
treatment of spinach chloroplasts according to the procedure of Anderson 
and Boardman [10 ]. Optical absorbance measurements at defined ox ida t i on -  
reduction potentials were performed as described previously [11 ]. The 
samples were titrated reductively by the addition of  small amounts  of 0.01 M 
Na2 $2 04 .  Although experiments with K: IrC16 -treated chloroplasts have 
indicated that  C-550 is not the actual primary acceptor of Photosystem II [12] ,  
the C-550 absorbance change has been shown to be a reliable indicator of the 
oxidation state of  the primary acceptor of Photosystem II [13].  C-550 was 
monitored at 548 nm minus 538 to minimize absorbance changes caused by 
the reduction of low-potential b-type cytochromes [ 11] .  The pho to tube  was 
shielded to eliminate any contr ibution from the changes in chlorophyll  
fluorescence yield that accompany reduction of the primary acceptor of 
Photosystem II {14]. 
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Fig .1 .  T h e  e f f e c t  of  o - p h e n a n t h r o l i n e  o n  the  m i d p o i n t  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  of  C-550 .  T h e  
r e a c t i o n  m i x t u r e  c o n t a i n e d  D-I  0 f r a g m e n t s  ( c h l o r o p h y l l  c o n c e n t r a t i o n ,  50 ~M),  1 O0 mM Tris  buf fer  
at  p H  7.8 ,  and  the  f o l l o w i n g  o x i d a t i o n - r e d u c t i o n  med i a tors :  20  #M 2 , 5 - d i m e t h y l b e n z o q u i n o n e ;  10  ~tM 
1 , 2 - n a p h t h o q u i n o n e ;  10  ~M 1 , 4 - n a p h t h o q u i n o n e ;  10  ~M d u r o q u i n o n e ;  a n d  2 .5  #M P y o c y a n i n e .  o - P h e n a n -  
thro l ine  was  present  at a c o n c e n t r a t i o n  of  2 .5"  10  - 4  M w h e r e  ind ica ted .  

Fig. 1 shows the results of a titration at pH 7.8 of the C-550 absorbance 
change in D-10 fragments in the presence and absence of  o-phenanthroline. 
The curves drawn through the experimental points are theoretical 1-electron 
curves with midpoint  potentials of +40 mV and +110 mV, respectively. 

Five titrations gave values of +55 +- 10 mV for the midpoint  oxidation- 
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reduction potential of C-550 in the absence of o-phenanthroline and +110 
+ 10 mV for the midpoint  potential in the presence of 2.5- 10- 4 M o-phenan- 
throline at pH 7.8. No effect of o-phenanthroline on the midpoint  potential 
of C-550 was observed at o-phenanthroline concentrations less than 
1.0.10- s M, and the shift in midpoint  potential became maximal at  approx. 
1.0-10-4 M o-phenanthroline. The range of o-phenanthroline concentrations 
over which the shift in the midpoint potential becomes apparent is the same 
range over which oxygen evolution [1] and C-550 oxidation [2] are inhibited. 
Although 3-(3,4-dichlorophenyl)-l , l<iimethylurea (DCMU) inhibits Photo- 
system II reactions in a manner similar to that  observed with o-phenan- 
throline [1,2,15], no effect of  DCMU on the midpoint  potential of C-550 
was observed (three titrations at pH 7.8 gave a value of +45 + 10 mV). 
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Fig.2. T he  r e d u c e d  m i nus  ox id ized  d i f f e rence  s p e c t r u m  of C-550. R e a c t i o n  c o n d i t i o n s  as in F ig . l .  
R e f e r e n c e  wave leng th ,  538 nm.  

Fig.3. T he  e f f e c t  of  pH and o -phenanthro l ine  o n  the  m i d p o i n t  po t en t i a l  of  C-550. The  m i d p o i n t  
po ten t i a l s  were  d e t e r m i n e d  f r o m  t i t r a t i on  curves  similar to  tho se  o f  Fig . l .  The  o x i d a t i o n - r e d u c t i o n  
m e d i a t o r s  were  those  listed in th e  legend to  Fig.1 s u p p l e m e n t e d  with  20/~M b e n z o q u i n o n e  and 10/zM 
2 - h y d r o x y - l , 4 - n a p h t h o q u i n o n e .  Th e  pH buf fers  were:  100 mM m o r p h o l l n e  e thane  su l fo na te  (pH 6.7);  
100 m M  Tris b u f f e r  ( pH  7 .3- -8 .3) ;  and  100  mM Tric ine  buf fer  ( p H  8.6).  Where mul t ip le  d e t e r m i n a t i o n s  
were  m a d e ,  e r ror  b r acke t s  indicate  the  average devia t ion  of  the  m e a s u r e m e n t s .  

Fig. 2 shows the spectrum of the absorbance change produced in the 
absence of o-phenanthroline as the oxidation-reduction potential is lowered 
from +140 mV to --25 mV and the component  being ti trated in Fig. 1 goes 
from the completely oxidized state to the completely reduced state. The 
absorbance decrease on reduction centered at 550 nm (C-550) is indistin- 
guishable from that  observed on photoreduct ion of the primary electron 
acceptor of Photosystem II [2].  The absorbance increase on reduction at 
wavelengths greater than 555 nm is caused by the reduction of low- 
potential b-type cytochromes [11 ]. An essentially identical spectrum was 
obtained in the presence of o-phenanthroline. 

Fig. 3 shows the dependence of the midpoint  potential of C-550 on pH. 
The lines are theoretical ones for a component  that  takes up 1H÷/electron 
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on reduction (60 mV/pH unit), o-Phenanthroline (1.10- 4 M) had no effect 
on the pH dependence of the midpoint potential. A similar dependence on 
pH of the midpoint potential of the primary electron acceptor of Photo- 
system II was observed by Cramer and Butler [14] in the course of titrations 
of the chlorophyll fluorescence yield in untreated chloroplasts. 

The midpoint potential of the primary acceptor of Photosystem II in 
D-10 fragments in the absence of o-phenanthroline is +95 mV at pH 7.0. 
This value is significantly more positive than the value in the range from 
+25 mV to --25 mV obtained by Butler and co-workers [14,16] using 
untreated chloroplasts. The more positive midpoint potential observed in 
the experiments reported above may result from the treatment of the chloro- 
plasts with digitonin. The lower signal:noise ratio attainable in titrations with 
untreated chloroplasts made it impossible to obtain reliable values for the 
midpoint potential of C-550. However, the hypothesis that the midpoint 
potential of the Photosystem II primary acceptor is more positive in D-10 
fragments than in untreated chloroplasts is supported by the finding (based 
on C-550 and fluorescence measurements in the presence of DCMU at 77 ° K) 
that the primary acceptor can be reduced by 100 mM ascrobate in D-10 
fragments but not in untreated chloroplasts. 

The positive shifts produced by o-phenanthroline in the midpoint 
potentials of the primary electron acceptors of both plant Photosystem II 
and the purple photosynthetic bacteria suggest that o-phenanthroline inter- 
acts directly with the acceptor in these two different photosynthetic systems. 
In addition to this interaction, other similarities exist in the properties of the 
primary electron acceptors in these two systems. The primary electron acceptor 
of plant Photosystem I appears to have quite different properties. (Reactions in 
chlorplasts that involve only Photosystem I are not inhibited by o-phenan- 
throline [1 ] .) The midpoint potentials of the primary electron acceptors of 
purple photosynthetic bacteria range from --20 mV to --100 mV [7--9, 
17--19], similar to that of the primary electron acceptor of Photosystem II 
in untreated chloroplasts [ 13,16]. The primary electron acceptor of Photo- 
system I has a much more negative midpoint potential, --530 mV [20,21]. 
The primary electron acceptors of purple photosysnthetic bacteria and plant 
Photosystem II both have midpoint potentials that have a --60 mV pH unit 
dependence [7--9, 19], while the primary acceptor of plant Photosystem I 
appears to be pH independent [20,21]. 

The primary electron-accepting site of the purple photosynthetic 
bacteria appears to involve an iron protein [8,9,22,23] and ubiquinone [24--26] 
Recent experiments have suggested that plastiquinone functions as the 
primary acceptor of chloroplast Photosystem II [27,28]. The similarities 
in behavior of the primary acceptors in Photosystem II and purple photo- 
synthetic bacteria raise interesting questions about possible chemical simil- 
arities between the two acceptors. 
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