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SUMMARY 

Opt imal  cyclic pho tophosphory la t ion  with  reduced indophenols  under  anaerobic  
condi t ions was shown to require a cri t ical  redox balance.  Over- reduct ion inhib i ted  
this  phosphory la t ion ;  addi t ion  of oxidizing agents  like ferr icyanide,  air, ferredoxin 
or ferredoxin plus t r iphosphopyr id ine  nucleot ide rel ieved the inhibi t ion.  

When  ascorbate  and  indophenol  served as the electron donor couple for TPN + 
reduct ion,  only  the  amoun t  of T P N H  formed was dependent  on the concentra t ion  of 
T P N  +. The phosphory la t ion  observed in this  sys tem was dependent  only  on the  
concent ra t ion  of indophenol ,  and  on the ab i l i ty  of reduced indophenol  to media te  
cyclic photophosphory la t ion .  The cyclic electron flow with  reduced indophenol  was 
shown to opera te  s imul taneous ly  wi th  the  non-cyclic electron flow to T P N  +. I t  was 
concluded tha t  there  was no phosphory la t ion  site in the  non-cyclic electron flow 
between a s c o r b a t e - i n d o p h e n o l  and T P N  + and tha t  the phosphory la t ion  observed in 
this  case was due only to cyclic pho tophosphory la t ion  with the  reduced indophenols.  

In  the l ight of these results,  a working hypothes is  wi th  two different sites for 
cyclic and  non-cyclic  pho tophosphory la t ion  is suggested. 

INTRODUCTION 

VERNON AND ZAUGG 1 observed tha t  spinach chloroplasts  poisoned b y  3(3,4- 
d i ch lo ropheny l ) - I , I -d ime thy lu rea  could photoreduce  T P N  + on addi t ion  of ascorbate  
and a ca ta ly t i c  amount  of DCIP.  In  1961 LOSADA, WHATLEY AND ARNON 2 repor ted  
tha t  in the  above sys tem the photoreduc t ion  was also coupled to ATP format ion  and 
so concluded tha t  this  was a non-cyclic  photophosphory la t ion .  However ,  in 1961 
TREBST AND ECK 3 found tha t  ca ta ly t i c  amounts  of reduced DCIP  med ia t ed  cyclic 
photophosphory la t ion .  This observat ion  was confirmed in o ther  laborator ies  4-6. The 
quest ion then arose as to which electron flow sys tem is responsible for the  ATP for- 
ma t ion  in this  sys tem (see GROMET-ELHANAN AND AVRONT). 

Recent ly  i t  was shown tha t ,  under  cer tain condit ions,  P /2e -  values exceeding 
I could be ob ta ined  when TPN + was photoreduced  b y  ascorbate  and DCIP  and t ha t  

Abbreviations: CMU, 3(4-chlorophenyl)-i,i-dimethyturea; DCIP, 2,6-dichlorophenol- 
indophenol ; TMPD, N,N,N',N'-tetramethyl-p-phenylenediamine. 

* Part of this work was done in the Department of Cell Physiology, University of California, 
Berkeley, Calif. (Id.S.A.), while the author was holding an international Fellowship from the 
Charles F. Kettering Foundation. 
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the amounts of ATP formed in this non-cyclic system were the same as those formed 
in the cyclic system with reduced DCIP (refs. 8-1o). These results indicated that  all 
the ATP formed in the non-cyclic system could be accounted for by cyclic phos- 
phorylation. However, they did not exclude the possibility that, when the non-cyclic 
system operated, ATP formation was coupled to TPN + reduction and that  only the 
ATP in excess of T P N H  was due to cyclic photophosphorylation. 

A clarification of this controversial point was sought through studies of cyclic 
photophosphorylation with reduced DCIP and of the relationships between the cyclic 
and non-cyclic systems. A preliminary account of this work has been published 21. 

METHODS 

The chloroplast fragments used in this communication were of the Pls type 
prepared according to WHATLEY AND ARNON 11 from spinach or lettuce leaves. Chloro- 
phyll was determined according to ARNON TM. 

Reactions were run in conventional Warburg vessels with one side-arm in a 
Warburg bath  maintained at 20 ° with continuous shaking and illuminated from below. 
The vessels were equilibrated with argon or air as indicated for IO min in the dark. 
Time course experiments were run in erlenmeyer flasks closed with special stoppers 
as described by  GROMET-ELHANAN AND AVRON 7. ATP was measured after de- 
proteinization with o.I vol. of 30 % perchloric acid as described by AVRON la. 

T P N H  was measured directly, without prior centrifugation, in a Cary spectro- 
photometer in cuvettes with a I -mm light path. In the time course experiments T P N H  
was measured by  a method developed in this laboratory (BEN HAYYIM, AVRON AND 
GROMET-ELHANAN, in preparation). I t  includes deproteinization with KOH, neutrali- 
zation to pH 8.5 and centrifugation. T P N H  was then assayed on an aliquot of the 
supernatant by  following the drop in absorbance at 340 m/~, after addition of dia- 
phorase in the presence of benzyl-viologen. ATP was determined on aliquots of the 
same supernatant after acidification with I vol. of 0.5 M HC1. 

RESULTS 

Cyclic phosphorylation with reduced DCIP under argon 
In an a t tempt  to get a clear-cut demonstration of which electron flow chain, 

the cyclic or non-cyclic, is responsible for the ATP formation observed when TPN + 
is photoreduced with the ascorba te -DCIP couple serving as the electron donor 
system, it was particularly important to compare the cyclic system with reduced 
DCIP under conditions as close as possible to those of the non-cyclic system. In this 
system, under argon and with excess ascorbate, no ATP formation could be demon- 
strated with any DCIP concentration when TPN ÷ and ferredoxin were omitted from 
the reaction mixture. Under air, in the same system, there was always ATP formation 
(Table I). 

As a consequence, possible conditions for obtaining cyclic photophosphorylation 
under argon were investigated over a wide range of concentrations of reduced DCIP. 
As can be seen from Fig. i ,  cyclic, CMU-resistant photophosphorylation could be 
demonstrated under argon as well as under air; but under argon, special conditions 
were necessary for the establishment of this photophosphorylation. Thus, when 

Biochim. Biophys. Acta, 131 (1967) 526-537 



528 z. GROMET-ELHANAN 

T A B L E  I 

COMPARISON OF PHOTOPHOSPHORYLATION WITH D C I P  AND EXCESS ASCORBATE IN THE PRESENCE 
AND ABSENCE OF T P N  + ANn FERREDOXIN 

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 ,  in  a f ina l  v o l u m e  of 3.o ml ,  c h l o r o p l a s t  f r a g m e n t s  c o n t a i n i n g  
0. 5 m g  of c h l o r o p h y l l ;  CMZ',  2. i o  -~ M; a n d  t h e  fo l l owing  in  t, m o l e s :  Tr i s  buf fer  ( pH  8.o), 8o; 
MgC12, 5; A D P ,  i o ;  K~H32PO4, lO; a s c o r b a t e ,  2o; and ,  w h e r e  i n d i c a t e d ,  T P N  +, 4 / n n o l e s ;  ferre-  
dox in ,  o . i  m g ;  a n d  D C 1 P  as  i n d i c a t e d .  T h e  r e a c t i o n  was  r u n  for 1 5 m i n  a t  a n  i l l u m i n a t i o n  of 
3oooo  lux .  

Additions Gas phase A T P  formed 
(~finales) 

D C I P  (0.2 ~tmole), T P N  +, f e r r e d o x i n  A r g o n  4.1 
DCI]?  (0 .2 / tmo le )  A r g o n  o . i  
D C I P  (0 .2 /*mole) ,  T P N  +, f e r r e d o x i n  A i r  3.3 
D C I P  (0.2 # m o l e )  A i r  3.2 

D C I P  (1. 5 /*moles),  T P N  +, f e r r e d o x i n  A r g o n  7.1 
D C I P  (I, 5 #moles) A r g o n  o . I  
D C I P  (1. 5 / , m o l e s ) ,  T P N  +, f e r r e d o x i n  A i r  6.5 
D C I P  (1. 5 # m o l e s )  Ai r  7.o 
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Fig .  I. Cycl ic  p h o t o p h o s p h o r y l a t i o n  u n d e r  a r g o n  as  a f u n c t i o n  of D C I P  a n d  a s c o r b a t e  concen-  
t r a t i o n .  E x p e r i m e n t a l  c o n d i t i o n s  as  in  T a b l e  I, e x c e p t  t h a t  a s c o r b a t e  a n d  D C I P  w e r e  a d d e d  as  
i n d i c a t e d .  

stoichiometric amounts  of ascorbate were added at each DCIP concentration, there 
was ATP formation with 2 and 5" lO-4 M DCIP but not with the lower DCIP concen- 
trations used. However,  when ascorbate at a concentration only  twice that  of the 
DCIP was added, ATP formation was already completely  inhibited. 

These results indicated that  under argon the cyclic phosphorylation with re- 
duced DCIP was dependent on a very strict redox balance, so that  a slight over- 
reduction was enough to cause inhibition1°, 14. The absence of ATP formation with 
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DCIP below 2. lO -4 M, even in the presence of only stoichiometric amounts of 
ascorbate (Fig. i), could be explained by the presence of some residual reducing 
power in the chloroplast preparation (see line i ,  Table IV). Indeed, when no ascorbate 
was added (Fig. I), there was ATP formation with 3-3 and 6.7" lO -5 M DCIP. Obvi- 
ously, the reducing power of the chloroplast preparation was enough to reduce these 
amounts of DCIP (o.I or 0.2 #mole) which catalysed cyclic, CMU-resistant phos- 
phorylation; and the addition of more reducing power (ascorbate) was already enough 
to cause complete inhibition of this phosphorylation. 

The reducing power of the chloroplast preparation was probably too low to 
reduce the higher amounts of DCIP. Thus, the cyclic photophosphorylation in the 
absence of added aseorbate dropped to about 50 % of its value in the presence of 
stoichiometric ascorbate with 2.1o -4 M DCIP and was completely abolished with 
5" lO-4 M DCIP (where the blue color of oxidized DCIP did not disappear). On the 
other hand, with DCIP lower than 3.3" lO-5 M, no ATP was formed, even without 
the addition of ascorbate (Fig. i). I t  would seem that  in this case the reducing power 
of the chloroplast preparation was already too high and caused over-reduction (see 
Table III). Since air counter-balanced the over-reduction caused by  excess ascorbate 
under argon (Table I), it was of interest to test whether other oxidants could act in 
the same way and whether with the addition of oxidants, ATP would be obtained 
even with DCIP concentrations below 3.3" lO-5 M. 

A critical redox balance for @ritual cyclic flhosphorylaticn with reducedDCIP under argon 
Two different types of oxidants were tested: (i) oxidants which could oxidize 

ascorbate non-enzymically due to the difference in their redox potentials, and (2) 
oxidants which would counter-balance the effect of excess ascorbate through their 
ability to serve as electron acceptors in a chlorophyll-dependent electron flow from 
ascorbate-DCIP. 

Table I I  illustrates the effect of adding an oxidant of the first type- - fer r i -  
cyan ide- - to  an over-reduced DCIP system. I t  relieved the inhibition by  excess 
ascorbate as long as its concentration was enough to leave a stoichiometric amount 
of ascorbate and DCIP. With o.2/~mole DCIP, where a stoichiometric amount of 
ascorbate was already inhibitory (Fig. I),  ferricyanide relieved the inhibition only 

T A B L E  I I  

REVERSAL BY FERRICYANIDE OF THE INHIBITION BY OVER-REDUCTION OF CYCLIC PHOTOPHOS- 
PHORYLATION WITH D C I P  UNDER ARGON 

E x p e r i m e n t a l  c o n d i t i o n s  as  in  T a b l e  I, b u t  w i t h  3 . 0 / ~ m o l e s  of a s c o r b a t e .  I n  a d d i t i o n  t h e  c o m p l e t e  
s y s t e m  c o n t a i n e d  i n / ~ m o l e s :  D C I P ,  i . o ;  f e r r i c y a n i d e ,  4.0. 

Treatment A T P  formed 
(#moles) 

C o m p l e t e  5. i 
Minus f e r r i c y a n i d e  0. 4 
Minus a s c o r b a t e  o. i 
Minus D C I P  0.2 
C o m p l e t e  w i t h  5 / ~ m o l e s  a s c o r b a t e  0. 3 
C o m p l e t e  w i t h  5 #*moles a s c o r b a t e  

a n d  8 / , m o l e s  f e r r i c y a n i d e  5.4 
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when it oxidized all the ascorbate added. When ferricyanide was replaced by  ferro- 
cyanide, no phosphorylat ion occurred. These results indicated tha t  the inhibi t ion of 
cyclic phosphorylat ion with reduced DCIP  by  excess ascorbate under  argon was 
indeed due to an over-reduction of the system. 

TABLE III 

REVERSAL BY EERREDOXIN OF THE I N H I B I T I O N  BY OVER-REDUCTION OF CYCLIC PHOTOPHOSPHO- 

RYLATION WITH D C I P  U N D E R  ARGON 

Experimental conditions as in Table I, without TPN ÷. DCIP, ascorbate and ferredoxin were 
added as indicated. 

Additions A T P  formed 
(#moles) 

DCIP  A scorbate Ferredoxin 
(l~mole) (Izmole) (tzg) 

i 0.2 - -  - -  2.70 
2 o.2 - -  25 3.00 
3 0.2 - -  ioo 2 . 8 2  

4 0.2 0.2 - -  0.27 
5 0.2 0.2 25 i.io 
6 0.2 0.2 ioo 3.18 
7 0.03 - -  - -  0.07 
8 0.03 - -  IOO o.14 
9 0.03 - -  200 0.78 

Io 0.03 - -  300 0.90 

Table I I I  i l lustrates the effect of adding an oxidant  of the second t y p e - -  
fe r redoxin- -which  by  itself is unable  to oxidize ascorbate or DCIP  non-enzymical ly.  
The addit ion of ferredoxin did no t  affect cyclic phosphorylat ion with reduced DCIP  
when the system was not  over-reduced (lines 1-3) but ,  in an over-reduced system, 
opt imal  ATP formation could be obtained only when enough of the oxidant  was added 
to restore proper balancing (lines 4-6). Wi th  0.03/~mole of DCIP  the cyclic phos- 
phorylat ion was found to be dependent  on the addi t ion of ferredoxin even in the 
absence of added ascorbate (lines 7-9)- I t  can therefore be concluded that  in this 
case the absence of phosphorylat ion (line 7 and Fig. I) was indeed due to over- 
reduct ion by  the reducing power present in the chloroplast preparat ion and tha t  the 
added oxidant  could counter-balance this over-reduction. Wi th  o . i / , m o l e  of DCIP  
it was found that  the phosphorylat ion obtained in the absence of ascorbate and 
ferredoxin (0.8/zmole, see Fig. I) could be raised up to 2. 5 #moles ATP formed by  
the addit ion of ferredoxin. The phosphorylat ion obtained with the low concentrat ions 
of DCIP was always much lower than with higher amounts  of DCIP, and  the addit ion 
of more ferredoxin did not  further s t imulate  it (lines 9-1o). The ATP formed in all 
the experiments i l lustrated in Table I I I  was no t  due to cyclic phosphorylat ion with 
ferredoxin, since the amount  of ferredoxin used gave no phosphorylat ion by  itself. 
Also an t imyc in  A at a concentrat ion of IO/~g/ml did not inhibi t  the phosphorylation,  
while according to TAGAWA, TSUJIMOTO AND ARNON 15 3 /zg of an t imyc in  per ml  were 
found to inhibi t  completely the cyclic phosphorylat ion with ferredoxin. 

Since ferredoxin was able to counter-balance the over-reduction by  ascorbate 
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T A B L E  I V  

REVER3AL BY T P N  + AND FERREDOXIN OF THE INHIBITION BY OVER-REDUCTION OF CYCLIC PHOTO- 
PHOSPHORYLATION WITH D C I P  UNDER ARGON 

E x p e r i m e n t a l  c o n d i t i o n s  as in T a b l e  I,  e x c e p t  t h a t  a s c o r b a t e  w a s  a d d e d  o n l y  as i n d i c a t e d .  W h e r e  
i n d i c a t e d  t h e  fo l lowing  w e r e  a d d e d :  D C I P ,  o.2 ~ m o l e ;  T P N  +, 4 / ~ m o l e s ;  f e r r ed o x in ,  o . I  m g .  

Additions A TP  formed T P N H  formed P/2e- 
(lzmoles) (tzmoles) 

1. T P N  +, f e r r e d o x i n  o . i  0. 5 - -  
2. D C I P  2. 7 - -  - -  
3- E C I P ,  a s c o r b a t e  (o .2 /~mole )  0.2 - -  - -  
4. D C I P ,  a s c o r b a t e  (0.2 tzmole) ,  T P N  +, f e r r e d o x i n  3.6 0.6 6.0 
5. D C I P ,  a s c o r b a t e  (20 t~inoles), T P N  +, f e r r e d o x i n  3.7 3 -1 1.2 

of the cyclic system with DCIP under argon (Table III),  it was interesting to test 
whether ferredoxin in the presence of TPN ÷ would have the same effect (Table IV). 
In the presence of CMU, which eliminated water as an electron donor TM, and with 
no addition of another electron donor, ATP formation with TPN + and ferredoxin 
was completely inhibited. There was, however, always a residual photoreduction of 
about 0.5/zmole of TPN +, probably due to the reducing power present in the chloro- 
plast preparation (line I). This reducing power was enough to reduce the amount of 
DCIP added and enabled the operation of cyclic photophosphorylation with the 
reduced DCIP (line 2). The addition of stoichiometric amounts of ascorbate over- 
reduced this system and completely inhibited the cyclic photophosphorylation (line 3)- 
When TPN + and ferredoxin were added to this inhibited system, ATP formation was 
restored (line 4). In this case the reducing power of both the chloroplast preparation 
and the added ascorbate was enough only for the photoreduction of 0.6 #mole of 
TPN ÷, while the amount of ATP formed was 6 times higher. The high P/2e- ratio 
of 6 clearly indicated that the ATP formation was not coupled to TPN + reduction 
but was mediated by the cyclic DCIP system. When excess ascorbate was added to 
serve as the electron donor for the non-cyclic electron flow to TPN + (line 5), TPN÷ 
reduction was raised about 5-fold but the amount of ATP formed remained the same 
as in the cyclic system (line 4) resulting in a P/2e- ratio of 1.2. 

These results can be interpreted in two different ways: (a) That TPN ÷ and 
ferredoxin relieved the inhibition by over-reduction of the cyclic system with DCIP 
not only with the stoichiometric amounts of ascorbate (line 4) but also with a great 
excess of ascorbate (line 5)- The fact that the phosphorylation was the same in both 
cases, although the amount of TPN + reduced was different, might indicate that there 
is no site of phosphorylation coupled to the open non-cyclic electron flow from 
ascorbate-DCIP to TPN ÷ and that all the ATP formed in this case was due to cyclic 
phosphorylationS, ~. (b) That when a great excess of ascorbate was present, the addition 
of TPN + and ferredoxin did not relieve the inhibition of the cyclic system, and the 
phosphorylation (which happened to be to the same extent as the cyclic phospho- 
rylation) was tightly coupled to TPN + reductionlL Only with high DCIP concen- 
trations where P/2e- values exceeding I were reported 8-~° could the inhibition of the 
cyclic system be overcome, and then the ATP in excess of TPNH could be due to 
cyclic phosphorylation. 
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The relationship between A TP  and T P N H  formation with ascorbate-DC I P  as the electron 
donor couple 

If the first interpretation is correct then the phosphorylation in the system 
with excess ascorbate (Table IV, line 5) should show the same dependence on an 
optimum concentration of DCIP as the cyclic system itself (Fig. i and Tables I I I  
and IV). If the second interpretation is correct, then photophosphorylation and photo- 
reduction should follow a parallel line, as in any coupled system, independent of DCIP 
concentration up to the concentration of DCIP where the inhibition of the cyclic 
system will be overcome. 
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a f u n c t i o n  of  D C I P  a n d  T P N  + c o n c e n t r a t i o n .  E x p e r i m e n t a l  c o n d i t i o n s  as  in  T a b l e  I, e x c e p t  t h a t  
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In order to test these possibilities the relationship between phosphorylation 
and photoreduction, when ascorbate and DCIP serve as the electron donor couple 
for TPN ÷ reduction, were studied as a function of both DCIP and TPN + concen- 
trations. As can be seen from Fig. 2, the photophosphorylation was found to be com- 
pletely independent of the TPN + concentration and changed only as a function of 
DCIP concentration (curves i and 2). With DCIP concentrations above 4"1o-5 M, 
ATP formation was in excess of TPN ÷ reduction when 4 #moles of TPN + were used. 
However, with DCIP concentrations below 4" lO-5 M ATP formation did not run 
parallel to TPN ÷ reduction but decreased very rapidly, resulting in P/2e- values as 
low as 0.2 or even o.i (with 6.7" lO -8 M DCIP and 4 or 8 #moles of TPN ÷, respectively). 
This decrease in phosphorylation could not be explained on the grounds of a poorly 
coupling activity in the chloroplast preparation used 17, since in the same experiment 
values of P/2e- ~ I were obtained with higher DCIP concentrations (curves i and 3). 
Also, with water as the electron donor to TPN +, the same chloroplast preparation 
gave a P/2e- of approx. I. When the values of ATP formation in this system were 
compared with those obtained with the same amounts of DCIP under optimal con- 
ditions for the cyclic system (Fig. I and Tables II-IV), they were found to be similar 
and, moreover, never exceeded those observed in the cyclic system. I t  can, therefore, 
be concluded that the phosphorylation observed in the non-cyclic system of Fig. 2 
was dependent only on the ability of reduced DCIP to mediate cyclic photophos- 
phorylation. 
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The amount of TPNH formed in the presence of ascorbate and DCIP was, 
however, found to be dependent on TPN ÷ concentration and was always much higher 
when the TPN ÷ concentration was doubled (curves 3 and 4). When water served as 
the electron donor, both ATP and TPNH formation were dependent on TPN ÷ concen- 
tration (Table V). 

T A B L E  V 

THE EFFECT OF T P N  + CONCENTRATION ON A T P  AND T P N H  FORMATION UNDER ARGON WITH 
WATER AS THE ELECTRON DONOR 

E x p e r i m e n t a l  c o n d i t i o n s  as  in  T a b l e  I, e x c e p t  t h a t  CMU a n d  a s c o r b a t e  w e r e  o m i t t e d  a n d  f e r r e d o x i n  
(o . i  rag) w a s  i n c l u d e d .  

A ddilions A T P  formed T P N H  formed 
(#moles) (l~moles) 

T P N + ,  4 / ~ m o l e s  3 .0 3.4 
T P N  +, 8 # m o l e s  5.4 7 .8 

The results illustrated in Fig. 2 were, therefore, not consistent with the as- 
sumption 17 that the photophosphorylation is coupled to the non-cyclic electron flow 
from ascorbate-DCIP to TPN÷. 

The location of the site of A TP formation in cyclic photophosphorylation 
A possible explanation of the results summarized above could be suggested by 

assuming that there was no ATP-forming site in the non-cyclic electron flow to TPN ÷ 
with ascorbate-DCIP as the electron donor and that the observed ATP formation 
was coupled to the cyclic electron flow with reduced DCIP at a site which was not 

2.8 

-o 2.4 
E 

2.0 

< 1.2 
"6 
~L 0,8 

, i i 

A.NONCYCLIC 

o 

/ 
/ 

0.4 

B.NONCYCLIC 
CYCL/I 

2 4 6 8 I0 

Time ( ra in)  

i i i t i 

c. CYCLIC 

/ 
/ 

~,, ; ~ ,'o 

i i i i i 

D. P / 2 e -  

- 0  
~ - 2 . 0  

"¢' B t 

11. 

e e A 

e e. -I.0 
O 

Fig .  3- T i m e  cou r se  of A T P  a n d  T P N H  f o r m a t i o n  u n d e r  a r g o n  w i t h  w a t e r  or a s c o r b a t e - D C l P  
or  b o t h  t o g e t h e r  as  t h e  e l e c t r o n  donor .  R e a c t i o n  m i x t u r e  A c o n t a i n e d ,  in  a f ina l  v o l u m e  of 6.0 nil ,  
c h l o r o p l a s t  f r a g m e n t s  c o n t a i n i n g  0. 5 m g  of c h l o r o p h y l l ;  o . i  m g  of f e r r e d o x i n  a n d  t h e  f o l l o w i n g  
i n  # m o l e s :  T r i s  buf fer  ( p H  8.0), 16o; MgC12, IO; ADP, IO; K2Ha2PO4, IO; T P N  +, 3. R e a c t i o n  ]3 
c o n t a i n e d ,  in  a d d i t i o n  t o  t h e  a b o v e  r e a g e n t s ,  2 0 / z m o l e s  a s c o r b a t e  a n d  1 .2 /2mole s  D C I P  a n d  
r e a c t i o n  m i x t u r e  C c o n t a i n e d  a l so  2- i o  ~ CMU.  O ,  • ,  • - A T P  f o r m a t i o n ;  © ,  A ,  [] - T P N H  
f o r m a t i o n .  T h e  d e s i g n a t i o n  n o n - c y c l i c  or  cyc l i c  in  A, t3 a n d  C def ines  o n l y  t h e  t y p e  of t h e  p h o t o -  
p h o s p h o r y l a t i n g  s y s t e m  a n d  n o t  t h e  t y p e  of t h e  e l e c t r o n  f low p a t h w a y .  
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shared by  the non-cyclic flow. The results would then be composed of a cyclic phos- 
phorylat ion with reduced DCIP  superimposed on a non-cyclic photoreduction of TPN ÷ 
by  ascorba te -DCIP .  This suggestion would imply tha t  the cyclic and non-cyclic 
systems could operate simultaneously. 

Experimental  support  for this explanation was obtained when the time course 
of ATP and T P N H  formation was followed in three different systems: in the non- 
cyclic phosphorylat ion coupled to the non-cyclic electron flow from water to TPN ÷ 
(Fig. 3 A) ; in the cyclic phosphorylat ion superimposed on the non-cyclic electron flow 
from a s c o r b a t e - D C I P  to T PN ÷ (in the presence of CMU, Fig. 3C); and in the two 
together (in the absence of CMU, Fig. 3B). Although the P/2e-  ratio was I in Fig. 3A, 
it was 2 in Fig. 3C from the start  and throughout  the time course. Also, as was already 
shown in Fig. 2, the P/2e-  ratio of Fig. 3C was dependent on the concentration of 
DCIP.  Wi th  concentrations around 3" IO-S-6" lO-5 M this ratio was near I while with 
lower DCIP  concentrations this ratio was much below I throughout  the time course 
(not shown here). In  all cases there was no indication for a transition from a non- 
cyclic phosphorylat ion with a P/2e-  ratio of I to a cyclic phosphorylat ion later on 
in the time course, as was shown for ferredoxin -¢-TPN ÷ by  TAGAWA, TSUJIMOTO 
AND ARNON 15. The P/2e-  ratio when both phosphorylat ion systems were operating 
together (Fig. 3 B) was in all cases in between the ratios observed with each of them 
separately (Fig. 3D). 

DISCUSSION 

Cyclic photophosphorylat ion with reduced D C I P  under anaerobic conditions 
was shown to be inhibited by  over-reduction with excess ascorbate in chromato-  
phores 14 as well as in chloroplasts TM. This over-reduction was found to be counter- 
balanced either by  oxidants like ferricyanide which oxidized any excess ascorbate 
non-enzymically (Table II)  or by  oxidants like air or ferredoxin and TPN ÷ which 
could not  act on ascorbate directly (Tables I, I I I  and IV). In  the last system, as 
distinct from the system with ferricyanide, there was no need to add the oxidant at 
the same concentration as tha t  of the excess ascorbate. I t  seems that  the counter- 
balancing effect of ferredoxin and TPN ÷ was dependent on the competing rates of 
the oxidation of D C I P  via the light-induced electron flow to TPN ÷ and the non- 
enzymatic  reduction of DCIP  by  ascorbate. I t  was indeed observed that  illumination 
changed the s teady state of DCIP  in this system from a completely reduced to a 
more oxidized one*. 

The fact tha t  oxidants like ferredoxin and TPN ÷ induced a non-cyclic electron 
flow from ascorbate DCIP  raised the question whether the phosphorylat ion observed 
in their presence was coupled to this non-cyclic electron flow or to the cyclic electron 
flow catalysed by  reduced DCIP.  If  ATP formation was indeed coupled to T P N H  
formation, as maintained by ARNON et al.2,17, one would expect tha t  the P/2e-  ratio 
would be the same whether water or a s c o r b a t e - D C I P  serves as the electron donor 
for TPN ÷ reduction. I t  was, however, found that  with a s c o r b a t e - D C I P  as electron 
donor the phosphorylat ion changed as a function of DCIP  concentration, resulting 
in P/2e-  values not only well above the theoretical unityS, 9 but  also as low as 0.i  
(Fig. 2). 

Z. GROMET-ELHANAN AND M. AVRON, unpublished r e s u l t s .  
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Experiments with reported P/2e- values above I could be explained as sug- 
gested by TAGAWA, TSUJIMOTO AND ARNON 15, only if in a time course study a non- 
cyclic phosphorylation coupled to TPN ÷ reduction with a P/2e- ratio of I were first 
observed, which was later on followed by a cyclic phosphorylation, resulting in an 
overall P/2e- ratio of more than I. This explanation was overruled by the finding 
that in time course studies (Fig. 3) the P/2e- ratio was constant and significantly 
above i throughout the experiment, giving no indication for a lower ratio of P/2e- 
near I at the start. Also, the P/2e- values of 0.I obtained with low concentrations 
of DCIP (Fig. 2) could be explained according to AR.~ON el al.15, '7, only if the chloro- 
plast preparation used had a poor coupling activity, a condition which was not corro- 
borated by the experimental results. 

TREBST TM observed that ascorbate-TMPD could replace ascorbate-DCIP as the 
electron donor for TPN ÷ reduction. It  was also reportedS, TM that with ascorbate- 
TMPD, TPN ÷ reduction was not accompanied by phosphorylation. These results led 
TREBST AND PISTORIUS 19 to propose that electrons from the ascorbate-TMPD couple 
could enter the electron flow chain after the site of phosphorylation. According to 
this hypothesis the site of phosphorylation would still be one and the same for both 
cyclic and non-cyclic photophosphorylation. 

He also tried to explain the different P/2e- values observed with different 
concentrations of DCIP by assuming that electrons from the ascorbate-DCIP couple 
could enter the chain at two different points, depending on the concentration of DCIP. 
With low concentrations of DCIP the electrons would enter the chain, as in the case 
of TMPD, after the site of phosphorylation, whereas with high concentrations of DCIP 
they would enter the chain before the site of phosphorylation ~9. 

The phosphorylation with ascorbate DCIP as electron donor for TPN + re- 
duction was, however, found to increase in a linear way with increasing DCIP concen- 
trations (Fig. 2). There was no break in the curve and no indication of a sharp tran- 
sition from a non-phosphorylating to a phosphorylating system with increasing DCIP 
concentrations. Furthermore, it has been recently reported by SCHWARTZ 20, that he 
observed both phosphorylation and photoreduction when ascorbate-TMPD served 
as electron donor for TPN ÷ reduction. This observation was confirmed in this labora- 
tory*, and it was also found that whenever a phosphorylation was observed in this 
system with TMPD, DCIP or other compounds, they were also found to catalyse 
cyclic phosphorylation. 

A different hypothesis which can explain these results is presented in Fig. 4. 
According to this hypothesis there are two different sites of ATP formation in photo- 
phosphorylation One site is located on the non-cyclic pathway of electron flow prior 
to the point of entry of electrons from reduced DCIP. The other is located on the 
pathway of electron flow which is exclusive for the cyclic system and not shared by 
the non-cyclic one. As distinct from some previously published schemes2, ~7, there is 
no site of phosphorylation on the non-cyclic pathway of electron flow after the point 
of entry of electrons from reduced DCIP. 

The results with ascorbate-DCIP as electron donor for TPN ÷ reduction can be 
explained by the simultaneous operation of both cyclic and non-cyclic electron flows 
(Fig. 3). The non-cyclic electron flow results in TPN + reduction, while the cyclic flow 

* Unpublished observations. 
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results in ATP formation. Since photoreduction and phosphorylation are in this case 
(unlike the system from water to TPN ÷) due to different electron flow patterns, this 
explains the absence of coupling between them, the dependence of the phospho- 
rylation only on DCIP concentration and the dependence of only the photoreduction 

hv 

hv 

H20 

Fig. 4. Schematic representation of the phosphorylation sites in cyclic and non-cyclic photo- 
phosphorylation. The dotted line represents the part of the electron flow which is shared by 
both cyclic and non-cyclic systems. 

on TPN + concentration (Fig. 2). The ability of the cyclic system with reduced DCIP 
to operate concomitantly with the non-cyclic system differentiates it from the system 
with ferredoxin in air 15 where according to ARNON, TSUJIMOTO AND McSwAIN 1~ the 
"cyclic phosphorylation will occur only under conditions when non-cyclic photo- 
phosphorylation is excluded". 

The scheme in Fig. 4 specifies one phosphorylation site in the cyclic electron 
flow chain. This does not exclude the possibility of additional phosphorylation sites, 
since as long as the P/2e- value of the cyclic system is unknown, there is no way of 
determining the actual number of phosphorylation sites in this system. 

ACKNOWLEDGEMENTS 

I am indebted to Professor D. I. ARNON for his stimulating hospitality. I also 
wish to thank Professor M. AVRON for many helpful discussions. 

R E F E R E N C E S  

i L. P. VERNON AND \V. S. ZAUGG, J. Biol. Chem., 235 (196o) 2728. 
2 M. LOSADA, F. R. \¥-HATLEY AND D. I. ARNON, Nature, 19o (1961) 606. 
3 A. TREBST AND H. ECK, Z. Naturforsch., I6b  (1961) 455- 
4 Z. GROMET-ELHANAN AND M. AVRON, Biochem. Biophys. Res. Commun., IO (1963) 215. 
5 D. L. KEISTER, J. Biol. Chem., 238 (1963) PC259o. 
6 G. M. SHEN, S. Y. YANG, Y. K. SHEN AND H. C. YIN, Sci. Sinica Peking, I2 (1963) 685. 
7 Z. GROMET-ELHANAN AND M. AVRON, Biochemistry, 3 (1964) 365 • 
8 J. S. C. WESSELS, Biochim. Biophys. Acta, 79 (1964) 640. 
9 M. AVRON, Biochem. Biophys. Res. Commun., 17 (1964) 43 o. 

io  D. L. KEISTER, d r. Biol. Chem., 240 (1965) 2673. 
IX F. R. WHATLEY AND D. I. ARNON, in S. P. COLOWICK AND N. O. KAPLAN, Methods in En- 

zymology, Vol. 6, Academic Press, New York, 1963, p. 308. 
12 D. I. ARNON, Plant Physiol., 24 (1949) I. 
13 M. AVRON, Biochim. Biophys. Acta, 4 ° (196o) 257, 

Biochim. Biophys. Acta, 131 (1967) 526-537 



CYCLIC AND NON-CYCLIC PHOTOPHOSPHORYLATION 537 

14 S. K.  B o s e  AND H. GEST, Proc. Natl. Acad. Sci. U.S., 49 (1963) 337- 
15 K. TAGAWA, t{. Y. TSUJIMOTO AND D. I. ARNON, Proe. Natl. Aead. Sci. U.S., 49 (1963) 567 • 
16 J. S. C. WESSELS, Bioehim. Biophys. Acta, 19 (1956) 548. 
17 D. I. ARNON, H. Y. TSUJIMOTO AND B. D. McSWAIN, Nature, 2o 7 (1965) 1367. 
18 A. TREBST, Z. Naturforseh., I9b (1964) 418. 
19 A. TREBST AND E. PISTORIUS, Z. Naturforsch., 2ob (1965) 143. 
20 M. SCHWARTZ, Biochim. Biophys. ~4cta, 112 (1966) 204. 
21 Z. GROMET-ELHANAN, Israel J.  Chem., 4 (1966) 79P. 

Biochim. Biophys. Acta, 131 (1967) 526-537 


