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Summary 

Five substituted 2-anilinothiophenes and two substituted carbonylcyanide- 
phenylhydrazones were comparatively studied with respect to their capacities 
for inducing photooxidat ion of the cytochrome b-559 in chloroplast fragments 
and in whole cells of Chlamydomonas reinhardtii {wild type and P-700-1acking 
mutant  Fl 5). In addition, some other compounds:  antimycin A, picric acid, 
tetraphenylboron and NH4C1 were also tested. 

Cytochrome b-559 photooxidations were clearly observed in the presence of 
2-(3-chloro-4-trifluoromethyl)anilino-3,5-dinitrothiophene (ANT 2p), 2-{3,4,5- 
trichloro)anilino-3,5-dinitrothiophene {ANT 2s), 2-(4-chloro)anilino-3,5- 
dinitrothiophene and, with greater amplitudes, in the presence of carbonyl- 
cyanide-p-trifluoromethoxyphenylhydrazone and carbonylcyanide-m-chloro- 
phenylhydrazone, both in whole cells and in chloroplast fragments. Picric acid, 
antimycin A and tetraphenylboron were also able to induc e cytochrome b-559 
photooxidation in chloroplast fragments, but not  in whole cells. In the wild 
type, the highest photoinduced redox changes were 1.1 (carbonylcyanide-p- 
tr if luoromethoxyphenylhydrazone,  carbonylcyanide-m-chlorophenyl- 
hydrazone) and 0.6 {ANT 2p, ANT 2s) ~zmol of oxidized cytochrome b-559/ 

Abbreviations: ADRY, acceleration of the deactivation reactions of the water-splitting enzyme system Y 
of photosynthesis; ANT 2a, 2.(4-chloro)anilino-3,5-dinitrothiophene; ANT 2f, 2.(4-dimethylamine)- 
anilino-3,5-dinitrothiophene; ANT 2p, 2.(3-chloro-4-trifluoromethyl)anilino-3,5-dinitrothiophene; ANT 
2s, 2-(3,4,5-trichloro)anilino-3,5-dinitrothiophene; CCCP, carbonylcyanide-m-chlorophenylhydrazone; 
CCP, carbonylcyanidephenylhydrazone; CMU, 3-p-chlorophenyl-l,l-dimethyluxea; DCMU, 3-(3,4- 
dichlorophenyl)-l,l-dimethylurea; FCCP, caxbonylcyanide-p-trifluoromethoxyphenylhydrazone; NMANT 
2p, 2-N-methyl(3-chloro-4-trifluoromethyl)anilino-3,5-dinitrothiophene; P-700, chlorophyll a holo- 
chrome, active pigment in Photosystem I; S-13, 5-chloro-3-tert-butyl-2'-chloro-4'-nitrosalicylanilide; 1799, 

,~'-bis(hexafluoroacetonyl)acetone. 
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1 mmol of chlorophyll, corresponding to 40% and 23% of the redox changes 
which could be induced chemically. All these cytochrome b-559 photooxida- 
tions, the greater part of which was inhibited by 3-(3,4-dichlorophenyl)-l,1- 
dimethylurea and occurred in the mutant Fl 5, appeared to be mainly Photo- 
system II-dependent reactions. But 3-(3,4-dichlorophenyl)-l,l<iimethylurea- 
insensitive Photosystem I<iependent photooxidations of cytochrome b-559 
occurred also in the wild type. On the other hand, 2-(4<iimethylamine)- 
anilino-3,5-dinitrothiophene, 2-N-me thyl-(3-chloro-4-trifluoromethyl)anilino- 
3,5-dinitrothiophene and NH4C1 did not induce any cytochrome b-559 photo- 
oxidation. 

These results were discussed taking in consideration the nature of the 
molecular substitutions of the various tested substances and their respective 
acceleration of the deactivation reactions of the water-splitting enzyme system 
Y of photosynthesis capacities which had been defined elsewhere by Renger 
(Renger, G. (1972) Biochim. Biophys. Acta 256,428--439) for spinach chloro- 
plasts. Like the acceleration of the deactivation reactions of the water-splitting 
enzyme system Y effect, the capacity for inducing the cytochrome b-559 
photooxidation appeared dependent on the acidity of the NH group and on the 
number of halogenous substituents in the aromatic ring of the molecule. The 
greatest action towards cytochrome b-559 photooxidation was obtained with 
the most active acceleration of the deactivation reactions of the water-splitting 
enzyme system Y agents: carbonylcyanide-p-trifluorome thoxyphenyl- 
hydrazone, ANT 2p and ANT 2s. 

Introduction 

Most of the cytochrome b-559 which is present in chloroplasts in amounts 
corresponding to 2--2.8 molecules/reaction center and per cytochrome f is 
structurally bound close to Photosystem II. But generally no discernible light- 
induced absorbance change of cytochrome b-559 was observed, in higher plant 
chloroplasts or in whole cells of green algae, under physiological conditions. 
And it was necessary to perturb the photosynthetic membrane in a manner 
usually non-physiological, by addition of chemicals or by freezing, in order to 
observe ample light-induced absorbance changes which corresponded to oxida- 
tion reactions of this cytochrome b-559 (see review [1]). Among the various 
exogenous substances which were able to induce photooxidation of the cyto- 
chrome b-559 in higher plant chloroplasts, like desaspidin, antimycin A, CCCP 
[2], FCCP [3], salicylaldoxime, NAN3, NH2OH, KF [4], CCCP and FCCP 
appeared clearly the most active [3,4]. These substituted CCP compounds had 
been described as oxygen evolution inhibitors in chloroplasts, as uncouplers of 
the photosynthetic phosphorylations [5], as inhibitors of the reoxidation of 
the Photosystem II primary acceptor Q in DCMU-poisoned chloroplasts [6], as 
accelerators of the deactivation reactions of the water-splitting enzyme system 
Y of photosynthesis (ADRY agents) [7,8]. More recently other uncouplers: 
S-13, 1799 and tetrachloro-2-trifluoromethylbenzimidazole had been reported 
to induce photooxidation of the cytochrome b-559 [9]; two of these com- 
pounds, S-13 and 1799, had been tested and shown to act as ADRY agents 
[101. 
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Previously we have studied the photooxidat ion  of  the cytochrome b-559 
induced by antimycin A or FCCP in chloroplast fragments and in whole cells of  
the wild type  and of  three non-photosynthet ic  mutants  of  Chlamydomonas 
reinhardtii. We have pointed ou t  the occurrence of  a Photosystem II-dependent 
photooxidat ion  of  cytochrome b-559 which was inhibited by CMU and which 
was observed in the P-700-1acking mutant  Fl 5. This photooxidat ion was faster 
and greater in the presence of  FCCP than in the presence of  antimycin A. 
Weaker CMU-insensitive Photosystem I-dependent photooxidat ions  of  cyto- 
chrome b-559 occurred also in the wild type  bu t  not  in the mutant  Fl 5. An 
hydroquinone-reducible high-potential form of the cytochrome b-559 was, at 
least in part, involved in these photooxidat ions  [ 11,12 ]. 

In the present work,  we tested several compounds  of  another class of  ADRY 
agents, the 2-anilinothiophenes, for photooxidat ion  of  cytochrome b-559 in 
the wild type  and in the P-700-1acking mutant  Fl 5 of  C. reinhardtii, and we 
compared the properties of  these agents to those of  FCCP and CCCP. These 
2-anilinothiophenes had been synthesized by Btichel and Sch~ifer [13] and had 
been initially characterized by  these authors as potent  uncouplers of  oxidative 
phosphorylat ion in mitochondria.  The ADRY capacity of  these compounds  
had been pointed out  then by Renger [14].  In addition, we tested picric acid 
(2,4,6-trinitrophenol) which is another ADRY agent [15] and also tetraphenyl- 
boron,  an inhibitor of  the oxygen evolution and of  the reoxidation in the dark 
of  the reduced primary acceptor  Q in DCMU-poisoned chloroplasts [16,17].  
The chemical formulae of  the various compounds  used are indicated in Fig. 1. 
The results showed a parallelism between the capacities of  the different sub- 
stances for inducing cytochrome b-559 photooxidat ion  and their respective 
ADRY capacities. 

Materials and Methods 

The wild type  of  C. reinhardtii, the mutant  Fl 5 which lacks P-700 and does 
not  perform any Photosystem I reaction, and the mutant  Fl 15 which lacks 
both cytochromes b-563 and c-553 have been described previously [18,19] .  

Algae were grown in the light, Tris/acetate/phosphate medium [20] as 
previously indicated [ 18,21].  For  the preparation of  chloroplast fragments, the 
cells were suspended in the buffer:  0.01 M potassium phosphate,  0.02 M KC1 
and 2.5 • 10 -3 M MgC12 (pH 7.5) and were disrupted for 15 s in an ultrasonic 
oscillator; then the chloroplast fragments were separated by means of  two suc- 
cessive centrifugations at 480 × g  for 6 min and at 20 000 × g  for 15 min, and 
they were finally suspended in fresh buffer. The chlorophyll contents were 
measured according to MacKinney [22] and Arnon [23].  

The photooxida t ion  of  the cytochrome b-559 was measured at room tem- 
perature as previously described [12] ,  using the dual-wavelength mode of  an 
Aminco-Chance spectrophotometer .  For  the measurements,  the chloroplast 
fragments or the cells were suspended in 0.01 M phosphate buffer  (pH 7.5) at 
final concentrations corresponding to 100 ~zg of  chlorophyll  a + b/ml (=1.1 • 
10 -4 M). In the case of  chloroplast fragments preparations, 0.04 M ascorbate 
was added to the suspensions in order to maintain the cytochrome b-559 
reduced in the dark [12].  The different reactives were put  directly in the 
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Fig. I .  F o r m u l a e  of  the  d i f f e r en t  c o m p o u n d s  t e s t ed  for  the i r  capacities for inducing c y t o c h r o m e  b-559 
p h o t o o x i d a t i o n  in C. reinhardtii .  F r o m  Refs .  14,  29+ 35 and  36.  

cuvettes; in this way the incubation times before starting of  the measttrements 
were 1 min or less. 

The various 2-anilinothiophenes had been kindly supplied by Dr. G. Renger 
(Max-Volmer-Institut fiir Physikalische Chemie, Technischen Universi~t ,  
Berlin). 

Results 

The results concerning the occurrence of  cytochrome b-559 photooxidat ion  
in whole cells and in chloroplast fragments of  C. reinhardtii in the presence of  
various compounds  are summarized in Table I. Fig. 2 shows some spectra of  the 
photoinduced absorbance changes observed with the wild type  or the mutants  
Fl 5 and Fl 15, in the presence of  FCCP, ANT 2p, ANT 2s, picric acid or tetra- 
phenylboron.  Similar spectra were obtained in the presence of  the other  com- 
pounds CCCP, ANT 2a and antimycin. All showed maxima at 560 nm and the 
control  spectra concerning the mutant  Fl 15, which is devoid of  the cyto- 
chromes b-563 and c-553 [18,19] ,  indicated clearly that  these absorbance 
changes were due to the cytochrome b-559. On the other  hand, the curves of  
Fig. 3 illustrate how the effect  of  each compound  varied with the concentra- 
tion, both  in whole cells and in chloroplast fragments. 

The greatest cy tochrome b-559 photooxidat ions  were observed in the 
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Fig. 2. P h o t o o x i d a t i o n  of  the  c y t o e h r o m e  b-559 in who le  cells or  in ch lo rop las t  f r a g m e n t s  of  C. rein- 

hard t i i  (wild t y p e  and  m u t a n t s  Fl 5 a nd  Fl 15) in the  p resence  of  var ious  A D R Y  reagents :  spec t ra  of  
s o m e  l igh t - induced  absozbance  changes .  Re fe r e nc e  k: 570 n m .  The  cells (o)  or  the  ch lo rop las t  f r a g m e n t s  
(o)  were  su spended  in 0 .01  M p h o s p h a t e  b u f f e r  (pH 7.5)  at  c o n c e n t r a t i o n s  co r r e spond ing  to 100 /~g of  
ch lo rophy l l  a + b / m l .  In  the  case of  whole  cells, 5% d e x t r a n  T 80 was a d d e d ;  in the case of  ch loroplas t  
f r agmen t s ,  0 .04  M s o d i u m  asco rba t e  was  added .  Act in ic  l ight:  6 6 5 - - 7 2 0  n m  at  ha l f - t ransmiss ion  band  of  
the f i l ter  (Balzers  ' K 7 ' ) ,  24  W - m -2 . C o n c e n t r a t i o n s  of  the  react ives :  2.4 • 10 -6 M A N T  2p, 2.4 • 10 -6 M 
A N T  2s, 6 .0 • 10 -5 M FCCP,  2.4 • 10 --4 M picric acid ,  2.4 • 10 -5 M t e t r a p h e n y l b o r o n  ( sod ium salt) .  

presence of  FCCP or CCCP (Table I). These photooxidat ion values, correspond- 
ing to absorbance decreases of  0.002--0.003 unit/100 ~zg of chlorophyll a + b, 
were comparable to the values reported elsewhere for higher plant chloroplasts 
[ 3,9 ]. Nevertheless, as previously reported [ 12 ], the photoinduced cytochrome 
b-559 oxidations measured in the presence of  FCCP did not  correspond to the 
total cy tochrome b-559 content  of  the chloroplasts. Fig. 4 shows absorbance 
changes measured at 559 nm with chloroplast fragments of  the wild type and 
of the mutant  Fl 5 which were oxidized in the dark by K3Fe(CN)6 then 
reduced by ascorbate. These chemically induced absorbance changes 
corresponded to 2.6 (wild type) and 3.4 (Fl 5) ~zrnol of  cytochrome/1 mmol 
of chlorophyll a + b. As compared to these latter contents,  the cytochrome 
amounts photooxidized in the presence of  FCCP represented about  36% 
(chloroplast fragments) and 42% (cells) in the wild-type case, but  only 16% 
(chloroplast fragments) and 22% (cells) in the mutant  Fl 5 case, of  the cyto- 
chrome b-559 present in the chloroplasts (Table I, Fig. 4). 

As previously observed [11,12], a weak cytochrome b-559 photooxidat ion 
occurred in the presence of  FCCP and DCMU, both in whole cells and in 
chloroplast fragments of  the wild type (Table I). This photooxidat ion,  which 
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T A B L E  I 

P H O T O O X I D A T I O N  O F  T H E  C Y T O C H R O M E  b - 5 5 9  I N  C H L O R O P L A S T  F R A G M E N T S  A N D  I N  

W H O L E  C E L L S  O F  C. R E I N H A R D T I I ,  W I L D  T Y P E  A N D  M U T A N T  FI 5, I N  T H E  P R E S E N C E  O F  V A -  

R I O U S  C O M P O U N D S  

C y t o c h r o m e  o x i d a t i o n :  ~ m o l  o f  o x i d i z e d  c y t o c h r o m e / m m o l  o f  c h l o r o p h y l l  a + b .  T h e  c h l o r o p l a s t  frag- 
m e n t s  or the  ce l ls  w e r e  s u s p e n d e d  in 0 . 0 1  M p h o s p h a t e  b u f f e r  ( p H  7 . 5 )  at c o n c e n t r a t i o n s  c o r r e s p o n d i n g  
to  1 0 0  jug o f  c h l o r o p h y l l  a + b / m L  I n  the  case  o f  c h l o r o p l a s t  f ragment s ,  0 . 0 4  M s o d i u m  ascorbate  was  
a d d e d ;  in the  case  o f  w h o l e  c e l l s ,  5% d e x t r a n  T 8 0  was a d d e d .  A c t i n i c  l ight:  6 6 5 - - 7 2 0  n m  at ha l f - transmis -  
s ion  b a n d  o f  the  f i l ter (Balzers  'K7' ) ,  2 4  W • m - 2 .  A n a l y t i c  l ight:  5 5 9  n m  ( r e f e r e n c e  4 : 5 7 0  n m ) .  Used  
c o n c h . ,  u s e d  c o n c e n t r a t i o n  ( i .e .  c o n c e n t r a t i o n  required  to  o b t a i n  m a x i m u m  e f f e c t ,  if  a n y ) ;  n . m . ,  n o t  m e a -  

s u r e d .  V a l u e s  in parentheses :  m e a s u r e d  af ter  a d d i t i o n  o f  1 . 2  • 1 0  -S M D C M U .  

C o m p o u n d s  Chlorop las t  f r a g m e n t s  W h o l e  ce l ls  

Used  C y t o c h r o m e  o x i d a t i o n  Used  C y t o c h r o m e  o x i d a t i o n  
concn, c o n c n .  
( M )  Wild t y p e  M u t a n t  Fl 5 ( M )  Wild t y p e  M u t a n t  F! 5 

F C C P  1 . 2  • 1 0  - 6  0 . 9 4  ( 0 . 1 3 )  0 . 5 5  ( 0 . 0 0 )  6 . 0  • 1 0  -5  1 . 1 0  ( 0 . 2 5 )  0 . 7 7  ( 0 . 0 0 )  

C C C P  1 . 2  - 1 0  -5  0 . 9 7  n . m .  2 . 4  - 1 0  "4  1 . 1 0  n . m .  

A N T  2 p  4 . 8  • 1 0  -7  0 . 6 6  0 . 4 3  2 . 4  • 1 0  -5  0 . 6 0  ( 0 . 1 3 )  0 . 4 7  ( 0 . 0 0 )  

A N T  2s  4 . 8  - 1 0  - 7  0 . 6 3  0 . 4 3  2 . 4  • 1 0  - 6  0 . 5 5  ( 0 . 1 7 )  0 . 4 3  ( 0 . 0 0 )  

A N T  2 a  4 . 8  • 1 0  - 6  0 . 5 8  0 . 3 9  6 . 0  • 1 0  - 6  0 . 4 7  ( 0 . 1 3 )  0 . 5 1  ( 0 . 0 0 )  

A N T  2 f  4 . 8  • 1 0  - 6  0 . 0 0  0 . 0 0  4 . 8  • 1 0 - 5  0 . 0 0  n . m .  

N M A N T  2 p  4 . 8  • 1 0  - 6  0 . 0 0  0 . 0 0  4 . 8  • 1 0  - 5  t r a c e s  n . m .  

Picric acid 2 . 4  • 1 0  - 4  0 . 4 7  ( 0 . 1 1 )  0 . 5 5  ( 0 . 0 0 )  1 . 2  • 1 0  - 3  t r a c e s  n . m .  

A n t i m y c i n  A 6 . 0  - 1 0  -5  0 . 5 4  n a n .  6 . 0  • 1 0  -5  0 . 0 0  n . m .  

T e t r a p h e n y l -  2 . 4  • 1 0  - $  0 . 4 7  ( 0 . 1 7 )  n . m .  2 . 2  • 1 0  - 4  0 . 0 0  n . m .  

b o r o n  * 

N H 4 C I  4 . 0 "  1 0  - 2  0 . 0 0  n . m .  - -  n . m .  n . m .  

* T h e  s o d i u m  salt was  u s e d .  

was less than 25% of  that wi thout  DCMU and which did not  occur in the case 
of  the P-700-1acking mutant  Fl 5, was due to the Photosystem I. 

Cytochrome b-559 photooxidation in the presence of  ANT 2p 
In the presence of  ANT 2p, a photooxidat ion  of  cytochrome b-559 occurred 

in whole cells o f  the wild type of  C. reinhardtii: the cytochrome b-559 was 
rapidly oxidized in the light, then it got reduced again in the dark; these reac- 
tions were reproducible, with decreasing amplitude, during further illumina- 
tions (Fig. 5). This photooxidat ion  was greatly but not  entirely inhibited by 
DCMU: the amplitude of  this remaining reaction was about 22% of  that with- 
out  DCMU. Our technical equipment did not  allow us to measure very rapid 
kinetics. Nevertheless, on the original recordings, the half-times for cytochrome 
oxidation in the whole  cells appeared clearly to be less than 1 s. Cytochrome 
b-559 photooxidat ion  and subsequent dark reduction occurred also in chloro- 
plast fragments but their kinetics were slower, in particular that of  the dark 
reduction: an endogenous reductant pool  was probably lost in chloroplast frag- 
ments and the cytochrome b-559 was more slowly reduced by the exogenous  
ascorbate of  the medium. 

The amplitude of  the cytochrome b-559 photooxidat ion  in the presence of  
ANT 2p was 2/3 of  that in the presence of  FCCP. In chloroplast fragments, 
ANT 2p and FCCP were active at almost similar concentrations but, in whole 
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F i g .  3 .  P h o t o o x i d a t i o n  o f  the  c y t o c h r o m e  b - 5 5 9  in  ch lorop las t  f r a g m e n t s  and in w h o l e  cel ls  o f  the  wi ld  
t y p e  o f  C. re inhardt i i  in the  presence  o f  various  A D R Y  reagents:  variat ions o f  the  a m p l i t u d e  w i t h  c o n c e n -  
trat ion  o f  the  d i f f eren t  reagents .  For  the  m e a s u r e m e n t s ,  the  ch loroplas t  f r a g m e n t s  or the  cel ls  w e r e  sus- 
p e n d e d  in 0 . 0 1  M p h o s p h a t e  buf fer  ( p H  7 . 5 )  at c o n c e n t r a t i o n s  co rrespo nd ing  to  1 0 0  /~g o f  c h l o r o p h y l l  
a + b /ml .  In the  case o f  ch lorop las t  f ragments ,  0 . 0 4  M s o d i u m  ascorbate  w a s  added;  in the  case o f  w h o l e  
cel ls ,  5% dextran  T 8 0  was  added .  A n a l y t i c  l ight: 5 5 9  nra ( re f erence  k :  5 7 0  n m ) .  Act in ic  l ight: 6 6 5 - -  
7 2 0  n m  at ha l f - transmiss ion  band o f  the  f i l ter (Balzers  ' K 7 ' ) ,  2 4  W • m - 2 ,  C h l o r .  fragrn., ch lorop las t  frag- 
m e n t s .  

cells, the efficient concentration was 25 times lower for ANT 2p than for 
FCCP. 

A DCMU-sensitive photooxidation of  cytochrome b-559 in the presence of  
ANT 2p, as in the presence of  FCCP, occurred also in whole cells and in chloro- 
plast fragments of  the mutant Fl 5 which lacks P-700. Its amplitude, in whole 
cells, was similar to that of  the DCMU-sensitive part of  the photooxidation 
measured with the wild type. This confirms that a substantial part of  the reac- 
tion we observed was Photosystem II-dependent (Table I). The photooxidation 
appeared relatively weaker in chloroplast fragments of  the mutant Fl 5: in the 
case of  chloroplast fragments preparations, the fragment size and the photo- 
synthetic membrane integrity may vary somewhat from one strain to another. 

Cytochrome b-559 photooxidat ion in the presence o f  other subst i tuted 
2-an ilino th io phe nes 

We can see in Table I that the cytochrome b-559 was also photooxidized in 
the presence of  ANT 2s and ANT 2a. On the contrary, no photooxidation 
occurred in the presence of  ANT 2f  and NMANT 2p. 

In Table II (and in Fig. 1) are summarized some chemical characteristics of  
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Fig. 4. Kinet ics  of  chemica l ly  i n d u c e d  ox ida t i on  and  r e d u c t i o n  of  the  c y t o c h r o m e  b-559 in the  da rk  and  
of  its p h o t o i n d u c e d  ox ida t i on  in the  p resence  of  FCCP, in ch lo rop las t  f r a g m e n t s  of  the  wild t y p e  an d  of  
the  m u t a n t  F! 5 of  C. re inhard t i i .  The  ch lo rop las t  f r a g m e n t s  were  su sp en d ed  in 0 .01  M p h o s p h a t e  b u f f e r  
( pH  7.5) at  c o n c e n t r a t i o n s  c o r r e s p o n d i n g  to  100  /Jg of  ch lo ro p h y l l  a + b / m l .  Ana ly t i c  l ight:  559 n m  
( re fe rence  k: 570 n m ) .  C o n c e n t r a t i o n s  of  the  react ives :  for  chemica l ly  i n d u c e d  reac t ions ,  2 .5 • 10 -4 M 
K 3 F e ( C N )  6, 4.3 • 10 -3 M s o d i u m  asco rba t e  (ASC);  for  p h o t o i n d u c e d  ox ida t ions ,  the  ch lo rop las t  frag- 
m e n t s  were  r e d u c e d  by  an  excess  of  a sco rba t e  (0 .04  M) t h e n  1 . 2  • 10-6  M FCCP was added .  Act in ic  l ight:  
6 6 5 - - 7 2 0  n m  at  ha l f - t ransmiss ion  b a n d  of  the  f i l ter  (Balzers  ' K 7 ' ) ,  24 W • m -2 .  The  n u m b e r s  ind ica te  the  
to ta l  a b s o r b a n c e  changes  (X103)  fo r  100 /zg of  c h lo roph y l l  a + b / m l .  Not ice  tha t ,  be fo re  K 3 F e ( C N )  6 
add i t ion ,  the  c y t o c h r o m e  was  a l r eady  a l m o s t  ful ly ox id ized  in ch lo rop las t  f r a g m e n t s  o f  the  wild t y p e  b u t  
n o t  in those  of  the  P-700- lacking  m u t a n t  FI 5. 

ANT 2p 

CELLS 

off 

+ DCMU 

l 

2O s I 

CHLOR. F R A G M . ~  

! 
Fig. 5. Kinetics of the photooxidat ion of the cytoehrome b-559 in whole cegs and in ch]oroplast frag- 
ments of the wi ld type of  C. re inhardt i i  in the presence of ANT 2p. The celis or the chloroplast fragments 
were suspended in 0.01 M phosphate buffer (pH 7.5) at concentrations coxTesponding to 100 pg of 
ch lo r ophy l l  a + b / m l .  In the  case of  who le  cells, 5% d e x t r a n  T 80 was  a d d e d ;  in the  ease of  ch lo rop las t  
f r agmen t s ,  0 .04  M s o d i u m  asco rba t e  was  a d d e d .  Concen txa t ions  of  the  reac t ives :  2 .4  • 10  -6 M A N T  2p, 
1.2 • 10 - s  M DCMU.  Ana ly t i c  l ight:  559 nrn ( r e fe rence  ~: 570  n m ) .  Act in ic  l ight:  6 6 5 - - 7 2 0  n m  a t  half-  
t r ansmiss ion  b a n d  of  the  f i l ter  (Balzers  ' K 7 ' ) ,  24 W • m - 2 ;  t ,  on ;  ~, off .  Th e  n u m b e r s  ind ica te  the  to ta l  
a b s o r b a n c e  changes  ( × 1 0 3 )  fo r  100/~g  of  ch lo rophy l l  a + b / m ] .  Chlor .  f r agm. ,  ch lo rop las t  f r agmen t s .  
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T A B L E  I I  

M O L E C U L A R  S U B S T I T U E N T S  O F  T H E  C C P  C O M P O U N D S  A N D  O F  T H E  2 - A N I L I N O - 3 , 5 - D I N I T R O -  
T H I O P E N E  D E R I V A T I V E S  A N D  T H E I R  A D R Y  E F F E C T  I N  S P I N A C H  C H L O R O P L A S T S  

A D R Y  e f f e c t  in sp inach c h l o r o p l a s t  d a t a  a re  f r o m  R e n g e r  [ 8 , 1 4 ]  : t h e  A D R Y  e f f e c t  is e x p r e s s e d  b y  t h e  
r e c i p r o c a l  h a l f - t i m e  o f  th e  apparent  f i r s t - o r d e r  d e c a y  o f  t h e  a v e r a g e  o x y g e n  y i e l d / f l a s h .  C h l o r o p h y l l  c o n -  
c e n t r a t i o n  f o r  t h e  m e a s u r e m e n t s  c o r r e s p o n d i n g  t o  t h e s e  d a t a :  5 • 1 0  -5 M. 

C o m p o u n d s  S u b s t i t u e n t s  o n  t h e  A D R Y  e f f e c t  in  A c t i v e  c o n c e n t r a t i o n  
a r o m a t i c  r i n g  s p i n a c h  c h l o r o p l a s t s  (M)  

F C C P  O C F  3 4 . 6  
C C C P  C1 2 .0  
A N T  2p  CI,  C F  3 4 . 8  

A N T  2s  CI, C1, CI 4 .9  
A N T  2a  Cl  1 .3  

A N T  2 f  N ( C H 3 )  2 ~ 0 . 2  
N M A N T  2p  C1, C F  3 * 0 . 0  

• I n  a d d i t i o n :  N C H  3 in p l a c e  o f  t h e  N H  a c i d i c  g r o u p .  

1 .0  • 10  - 6  
1 . 0  • 10  -5  
4 . 0  - 10  - 7  

4 . 0  • 10  - 7  

2 . 0 .  10  - 6  

the various 2-anilino-3,5-dinitrothiophenes we tested and, in addition, their 
respective ADRY effects on higher plant chloroplasts as defined and published 
by Renger [14]. It appears clearly that a photooxidation of cytochrome b-559 
occurred in the presence of compounds (ANT 2p, ANT 2s, ANT 2a) which are 
defined as ADRY agents. And the concentrations of each reagent needed for 
ADRY effect in spinach chloroplasts and for cytochrome b-559 photooxida- 
tion in chloroplast fragments of C. reinhardtii, at equivalent concentrations of 
chlorophyll (0.5 and 1 . 1 . 1 0  -4 M), were very close. On opposite, in the 
presence of ANT 2f and NMANT 2p which are not ADRY agents, there was no 
photooxidation of cytochrome b-559. 

The substituted 2-anilinothiophenes appeared much more soluble in the cell 
walls than the substituted CCP compounds. Indeed, the respective concentra- 
tions of ANT 2p and ANT 2s required for maximum cytochrome b-559 photo- 
oxidations were five times greater for whole cells than for chloroplast frag- 
ments, whereas the corresponding concentrations of FCCP and of CCCP were, 
respectively, fifty and twenty times greater for whole cells than for chloroplast 
fragments (Table I, Fig. 3). 

Cytochrome b-559 photooxidation in the presence o f  various other compounds 
Some other compounds were also tested for inducing photooxidation of 

cytochrome b-559: picric acid, another type of ADRY agent [15]; tetraphenyl- 
boron which exhibited ADRY properties somewhat different from those of the 
typical ADRY agents, because it was also an electron donor to Photosystem II 
[16,17] ; and antimycin A which was a less efficient ADRY agent (Renger, G., 
personnal communication). All these compounds induced photooxidation of 
cytochrome b-559 in chloroplast fragments, but not in whole cells: they are 
probably less soluble in the cell wall membranes than the substituted CCP com- 
pounds and the 2-anilinothiophenes derivatives (Table I, Fig. 3). 

Finally, NH4C1 which is uncoupler without ADRY action did not induce any 
photooxidation of cytochrome b-559. 
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Discuss ion  

Depending on their concentrations all the compounds  able to induce a 
photooxidat ion of  cy tochrome b-559 by  Photosystem II are also inhibitors of  
oxygen evolution, phosphorylat ion uncouplers and ADRY agents. However,  
the occurrence of  cy tochrome b-559 oxidation is not  directly linked to the 
inhibition of  oxygen evolution since in a new mutant  of  C. reinhardtii, Fl 50, 
which we recently isolated and which does not  evolve oxygen at all, no photo- 
oxidation of  cy tochrome b-559 occurred wi thout  any addition bu t  this mutant  
performed clearly a cy tochrome b-559 photooxidat ion  in the presence of  
FCCP *. Besides, as previously pointed ou t  in higher plant chloroplasts [24] 
and in cells of  the wild type  of  C. reinhardtii [12],  photooxidat ion  of  cyto- 
chrome b-559 occurred at concentrations of  CCCP or FCCP at which oxygen 
evolution was only partially inhibited. On the other  hand, uncoupling is not  a 
sufficient condition for the occurrence of  cy tochrome b-559 photooxidat ion.  
Many uncouplers were shown to have no action towards the cytochrome 
b -559 :NH4C1  [25,26] ,  methylamine [25,26] ,  nigericin [26],  gramicidin 
[10,26] and atebrin [25].  And it appears that  the sole uncouplers which 
showed ADRY properties, like FCCP and ANT 2p, or S-13 and 1799 [9,10],  
were acting on the cytochrome b-559. 

Cramer and coworkers [3,9] have shown that,  in the case of  FCCP-treated 
higher plant chloroplasts, far-red light induced a Photosystem I<iriven photo-  
oxidation of  cy tochrome b-559 probably linked to a conformational  change 
and to a lowering of  the cytochrome midpoint  potential.  This photooxida t ion  
was achieved a few seconds after the addition of  FCCP, period for  which elec- 
tron f low from water to methylviologen was not  inhibited [28].  We observed 
also a Photosystem I-dependent photooxida t ion  of  cy tochrome b-559 in whole 
cells or in chloroplast fragments of  the wild type  of  C. reinhardtii in the 
presence of  DCMU and FCCP (or ANT 2p or another  active compound) .  But  
this reaction was only 1/3, or less, of  that  wi thout  DCMU. And the results 
concerning the P-700-1acking mutant  Fl 5 indicated clearly that  the cyto- 
chrome b-559 photooxidat ions  were largely (at least 70% in the case of  whole 
cells) Photosystem II~lependent reactions. 

The concentrat ion of  each subst i tuted CCP or 2-anilinothiophene needed for 
a maximum photooxida t ion  of  cytochrome b-559 in chloroplast fragments of  
C. reinhardtii is very close to the concentrat ion indicated by Renger [8,14] for 
the ADRY effect  in spinach chloroplasts (Tables I and II). Two important  
common characteristics of  various ADRY agents are: (1) the presence of  an 
acidic group NH or OH in their molecules, and (2) their ability to form an 
anion [29].  As showed by Renger [27],  it is this negatively charged anion form 
which is important  for the ADRY effect.  Our present results indicate that  the 
acidic group NH of  the 2-anilinothiophenes was also necessary for  the occur- 
rence of  a cytochrome b-559 photooxidat ion.  Indeed, no cytochrome photo-  
oxidation occurred in the presence of  NMANT 2p, the molecule of  which has a 
NCH3 group in place of  an acidic NH group. Likewise, the halogenous sub- 

* Th i s  m u t a n t  FI 50 is pa r t i a l ly  d e v o i d  of  c y t o c h r o m e  b-559 ,  but the remaining p o o l  o f  this c y t o c h r o m e  
can  be p h o t o o x i d i z e d  in the presence o f  FCCP (Maroc ,  J .  a n d  G a m i e r ,  J . ,  unpubl i shed  results) .  
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stituents of the aromatic ring, which act on the NH group acidity [14] and 
probably on the solubility in membranes,  also influence the cytochrome b-559 
photooxidat ion:  no cytochrome photooxidat ion occurred in the presence of  
ANT 2f, the aromatic ring of  which has no halogenous substitution, and the 
active concentrations were higher for CCCP or ANT 2a, the aromatic ring of  
which has only one chloride substi tution,  than, respectively, for FCCP or for 
ANT 2p and ANT 2s which have more substi tuted aromatic rings. Concerning 
the other compounds  we tested as also able to induce photooxidat ion  of  cyto- 
chrome b-559, picric acid has an OH acidic group (pK = 0.38) [15],  tetra- 
phenylboron is an anion, and the antimycin A molecule has OH and NH acidic 
groups (pKa = 5.1) [30].  Therefore we observe parallelism between the capaci- 
ties of  the different substances for inducing photooxidat ion of  cytochrome 
b-559 in C. reinhardtii and their ADRY activities which have been reported in 
the literature for higher plant chloroplasts. Both phenomena are induced by the 
same agents and influenced similarly by the chemical properties (capacity for 
forming an anion, number  of  halogenous substitutions) of  these agents. The 
greatest action towards the cytochrome b-559 photooxidat ion was obtained 
with the most  efficient ADRY agents: FCCP, ANT 2p and ANT 2s. 

Renger and coworkers [29,31,32] showed that ADRY agents induced a 
cyclic electron flow which included Photosystem II but  no t  necessarily Photo- 
system I, and which led to a dissipative recombinat ion of  the holes stored in 
the water-splitting enzyme Y with the electrons of  an unknown donor.  The 
cytochrome b-559 could participate in this deactivation pathway.  However, the 
cytochrome b-559 photooxida t ion  and the ADRY effect  can also be two 
independent  secondary consequences of  structural modifications of  the thyl- 
akoid membrane induced by the addition of  the chemicals. Helgerson et al. 
[33] have shown that FCCP increases the microviscosity of  the cell envelope in 
Escherichia coli and Cramer et al. [34] have suggested a similar mechanism for 
a possible action of  FCCP on the thylakoid membrane structure. The fact that  
the ADRY agents were able to induce both Photosystem I and Photosystem II- 
dependent  cy tochrome b-559 oxidations seems in favour of  this latter hypo- 
thesis of  structural modification. Further  work will be needed for a complete 
elucidation of  these problems. 
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