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Summary 

1. The reverse reactions induced by coupled ATP hydrolysis were studied in 
spinach chloroplasts by measurements of  the ATP-induced increase in chloro- 
phyll fluorescence reflecting reverse electron flow, and of the ATP-induced 
decrease in 9-aminoacridine fluorescence, representing formation of the trans- 
thylakoidal proton gradient (ApH). ATP-driven reverse electron flow was 
kinetically analysed into three phases, of which only the second and third one 
were paralleled by corresponding phases in ApH formation. The rapid first 
phase and formation of  a ApH occur also in the absence of the electron transfer 
mediator phenazine methosulfate.  

2. The rate and extent  of  the reverse reactions were measured at tempera- 
tures in the range from 0 to 30°C. The rate of  formation of ApH and of reverse 
electron flow were faster at high temperatures, but  the maximal extent  of ApH 
and chlorophyll fluorescence increase were observed at the lowest temperature. 
Considering rate and extent  of the ATP-stimulated reactions, a temperature 
opt imum around 15°C was found. Light activation of  the ATPase occurred 
throughout  the range studied. At 0°C and in the presence of inorganic phos- 
phate the activated state for ATPase was maintained for more then 10 min. 

3. The ATP-induced rise in chlorophyll fluorescence yield was found to be of 
similar magnitude as the rise induced by 3-(3,4-dichlorophenyl)-l , l-dimethyl- 
urea (DCMU), when both were measured with an extremely weak measuring 
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beam. It is concluded,  that  both effects, although derived via distinctly differ- 
ent  pathways,  are limited by the same electron donating or electron accepting 
pool. 

Int roduct ion 

It was previously shown [1--4] that, after light activation of  the latent 
adenosine triphosphatase (ATPase) of  chloroplasts [ 5], addition of  ATP in the 
dark leads to the formation of  a transthylakoidal pH gradient, and to the reduc- 
tion of  Q (the primary electron acceptor  of  Photosystem II) by reverse electron 
flow. The reaction was most  easily followed by observing the ATP-induced 
increase in chlorophyll  fluorescence which accompanies the reduction of  Q [6], 
and the quenching of  9-aminoacridine fluorescence which accompanies the 
buildup to ApH [7].  We have recently constructed an apparatus which allowed 
us to moni tor  simultaneously the two signals [3] and reported briefly on their 
interrelation in response to a variety of  treatments. 

In this communicat ion we report  on a kinetic analysis of  the responses, their 
temperature dependence,  and the relation of  the reverse reaction to the elec- 
tron transport  steps adjacent to Photosystem II. 

Materials and Methods 

Spinach chloroplasts were prepared [8] and chlorophyll  determined [9] 
essentially as previously described. The chloroplasts were finally suspended in a 
small volume of  0.4 M sucrose, 0.05 M NaCI at a concentration of  about  2 mg 
chlorophyU/ml. The instrument used and the methodology employed were as 
previously described [3] with variants as indicated in the figure and table 
legends. 

Results 

Kinetics 
Fig. 1 illustrates a simultaneous recording of  the ATP-driven buildup of  

ApH and reduction of  Q. The sample was preilluminated for 3 min in the 
presence of  dithiothreitol  with strong white-light to activate the ATPase [5],  
and monitoring was initiated after the activating-light was turned off. The 
initial changes in the figure illustrate the decay of  the pH gradient ( 'Acridine') 
and the oxidation of  the reduced Q ( 'Chlorophyll ') ,  produced by the activating- 
light. After about  90 s, when these decays reached a steady state, ATP was 
injected, and the ATP-driven buildup of  ApH and reduction of  Q were 
observed. 

Several features of  the time course of  the ATP-induced changes axe worth 
nothing: (a) Both the quenching of  acridine fluorescence and the increase of  
chlorophyll  fluorescence show three phases. Separation between the second 
and third phase is not  always apparent, particularly with acridine fluorescence 
quenching. Therefore,  in the following we will most ly refer to the rapid phase 
and the 'main'  phase. (b) The initial jump in acridine fluorescence quenching 
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F i g .  I .  Simul taneous  recording of  ATP- induced  Q reduct ion  (ch lorophyl l )  and ~ p H  format ion  (acridine).  
The  react ion mixture  conta ined:  1 5  m M  triclne,  pH 8 . 0 ,  2 0  m M  N a C I ,  5 m M  MgCI2 ,  1 /~M phenazine  
methosu l fa te ,  5 mM di thiothre i to l ,  2 ~M 9-aminoacridine ,  and chloroplasts  containing about  2 0  /~g 

ch lorophy l l /ml .  The  sys tem was  preequil ibrated and kept  at 1 5 ° C  b y  water  f l ow  from a thermosta ted  
bath [ 3 ] .  T o  activate the ATPase ,  the mixture  was  i l luminated for 3 min with  intense heat-fi ltered white-  
l ight (about  105 ergs • c m  -2  • s - I  ).  Monitor ing was  initiated about  5 s after the light was  turned off .  Where 
indicated,  5/~I  o f  1 0  m M  A T P  was  injected into  the stirred react ion mixture  wi th  a microsyrlnge  [3 ] .  The  
ATP- induced  change in ch lorophy l l  f luorescence  is about  a doubl ing  o f  the dark adapted level.  The  A T P -  

i n d u c e d  quenching  of  9 -aminoacr id ine  f luorescence  is about  50%, corresponding  to  a ~ p H  of  3 - - 4 .  

was analysed to be artifactual, due to the chemical quenching by adenine 
nucleotides [5] .  It persists in the presence of  high uncoupler concentration, 
and does not  require an active ATPase. However, the rapid increase in chloro- 
phyll fluorescence does require an active ATPase, and is eliminated in the 
presence of  uncouplers. (c) The main decrease in acridine fluorescence and the 
main increase in chlorophyll  fluorescence occur after distinct lag periods, which 
last approx. 2 s. Thus, the rapid phase of  the chlorophyll fluorescence increase 
precedes the detection of  a substantial ApH. (d) The time course of  ApH 
formation and of  Q reduction have similar although not  identical kinetics [3 ]. 

In Fig. 2 the role of  phenazine methosulfate in the reverse reaction is 
analysed. The presence of  phenazine methosulfate is not  required for activation 
of  the ATPase, as indicated by the formation of  an almost normal ATP-induced 
ApH. However, only the first phase of  the ATP-induced chlorophyll fluores- 
cence increase is observed. The disappearance of  the second and third phase 
seems to be related to the previously demonstrated requirement for an electron 
donor for ATP-induced Q reduction [2].  Dithiothreitol appears to be an effec- 
tive electron donor to the photosynthet ic  electron transport chain only in the 
presence of  the electron carrier phenazine methosulfate.  This interpretation is 
in agreement with the observation (see Fig. 2) that later addition of  phenazine 
methosulfate does restore the main phase of  Q reduction. The first phase, then, 
is either unrelated to reverse electron f low or is due to reverse electron f low 
within internal electron carriers of  the chain. 
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Fig. 2. E f f ec t  of  p h e n a z i n e  m e t h o s u l f a t e  on  the  k ine t ics  of  ATP- in d u ced  Q r e d u c t i o n  and  A p H  f o r m a t i o n .  
Cond i t ions  as desc r ibed  u n d e r  Fig. 1 e x c e p t  for  the  initial omiss ion  of  p h en az in e  m e t h o s u l f a t e  (PMS) in 
the  e x p e r i m e n t  desc r ibed  b y  the  d o t t e d  lines, and  its p resence  a t  a c o n c e n t r a t i o n  o f  5 • 10 -8 M in the  
e x p e r i m e n t  desc r ibed  by the  solid lines. In the  f o r m e r  e x p e r i m e n t  p h en az in e  m e t h o s u l f a t e  was  added  
whe re  i nd i ca t ed  to the  s t a t ed  final c o n c e n t r a t i o n .  

Fig. 3 illustrates the effect  of  the ATP-induced reverse reaction on the 
kinetics of  the light-induced rise of  chlorophyll fluorescence. The electron 
acceptor pool available for Photosystem II (represented by the area above the 
fluorescence rise curve) is markedly decreased in a similar way to that found in 
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Fig. 3. T he  e f f ec t  of  A T P - i n d u c e d  reverse  e l ec t ron  f low cond i t i ons  on  t h e  l igh t - induced  ch lo ro p h y l l  f luo- 
rescence  rise kinet ics .  Cond i t i ons  ~s desc r ibed  u n d e r  Fig. 1, e x c e p t  for  omiss ion  of  p h e n a z i n e  m e t h o -  
su l fa te  in the  e x p e r i m e n t s  desc r ibed  on the  r ight  h a n d  side of  the  figure,  and  in: (1)  f luoescence  exc i t ing  
l ight  t u r n e d  on  ( t i m e  0 in f igure)  130  s a f t e r  t u rn ing  o f f  the  ac t iva t ing  light.  No ATP  a d d e d .  (2)  0 .2  m M  
A T P  a d d e d  120  s a f t e r  t u rn ing  o f f  t he  ac t iva t ing  l ight .  F luo rescence  exc i t ing  l ight  t u r n e d  on  10 s a f t e r  
A T P  add i t ion .  (3)  0 .2  m M  A T P  a d d e d  120 s a f t e r  t u rn ing  of f  ac t iva t ing  light.  F luo re scence  exci t ing  l ight  
t u r n e d  on  90  s a f t e r  A T P  add i t ion .  (4)  As 3,  b u t  1 /JM DCMU a d d e d  in p lace  o f  ATP.  T e m p e r a t u r e ,  
15°C;  I n t ens i t y  o f  b lue-green  f luorescence  exc i t ing  light° 2 • 104 ergs • c m  -2 • s - I  . 
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the presence of  DCMU [6].  The increase of  the initial fluorescence level reflects 
prereduction of  Q. The steeper rise kinetics could be due either to a prereduc- 
tion of  the plastoquinone pool,  by the ATP-induced reverse reaction or to an 
effect o f  the reverse coupling on the equilibrium constant between the primary 
acceptor Q and the secondary acceptor R, in a manner similar to that suggested 
for DCMU [15] .  It is also apparent that the substantial ApH which develops 
even in the absence of  phenazine methosulfate (see Fig. 2) does not  cause any 
dramatic change in the light-induced fluorescence kinetics. 

Temperature dependence and stability 
The temperature dependence of  the ATP-induced reactions is shown in 

Fig. 4. Note  that the ATPase activation period was in all cases performed at 
15°C so that the data reflect essentially the temperature dependence of  only 
the ATP-driven reaction. The higher the temperature, the lower the extent  of  
reaction and the faster the rate of  both the ATP<lriven ApH formation and Q 
reduction. The lower extent  may be due to a faster non-coupled decay of  the 
ApH at the higher temperatures. This is indeed corroborated by the data of  
Fig. 5 which shows the rate of  formation and decay of  light-driven ApH forma- 
tion as a function of  temperature. Clearly the decay rate is a strong function of  
temperature (see also refs. 10 and 11). 

Fig. 6 illustrates the effect o f  temperature on the ATP-induced reduction of  
Q, when activation, decay and the ATP-driven reaction are all carried out  at the 
indicated temperature. Clearly, activation can occur at 0°C, but is optimal 
around 10--15°C. At the lower temperature the second and third phase of  the 
reaction are slowed down,  accentuating the appearance of  the first phase. 
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Fig.  4 .  T e m p e r a t u r e  d e p e n d e n c e  o f  A T P - d r i v e n  Q r e d u c t i o n  and  A p H  f o r m a t i o n .  R e a c t i o n  c o n d i t i o n s  as 
d e s c r i b e d  u n d e r  Fig.  1 ,  e x c e p t :  Al l  s a m p l e s  w e r e  ac t iva ted  at  1 5 ° C ,  k e p t  in the  dark for  a fur ther  3 0  s at 
1 5 ° C  at  w h i c h  p o i n t  t h e  w a t e r  f r o m  a s e c o n d  t h e r m o s t a t e d  b a t h  k e p t  at  t h e  t e m p e r a t u r e  i n d i c a t e d  o n  t h e  
f igure  w a s  p a s s e d  t h r o u g h  t h e  s a m p l e  [ 3 ] .  A f t e r  6 0  s in t h e  dark at  t h e  i n d i c a t e d  t e m p e r a t u r e ,  A T P  was  

i n j e c t e d  to  a f inal  c o n c e n t r a t i o n  o f  5 0  ~M.  
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Fig.  5. T h e  e f f e c t  o f  t e m p e r a t u r e  on  l i g h t - i n d u c e d  A p H  f o r m a t i o n ,  and  daxk  d e c a y .  R e a c t i o n  c o n d i t i o n s  
as d e s c r i b e d  u n d e r  Fig.  I ,  e x c e p t  fo r  t h e  o m i s s i o n  o f  l igh t  a c t i v a t i o n  a n d  d i t h i o t h r e i t o l  f r o m  the  r e a c t i o n  
m i x t u r e ,  i l l u m i n a t i o n  was  w i t h  red  l igh t  ( > 6 0 0  r im) ,  105 ergs  • c m  -2 • s - l .  E a c h  s a m p l e  was  preequi l i -  

b r a t e d  fo r  2 m i n  to  t h e  i n d i c a t e d  t e m p e r a t u r e  b e f o r e  i l l umina t i on .  

It was previously suggested that the dark decay of the capacity for ATPase 
activity after light-activation, is retarded by the addition of inorganic phos- 
phate [5,12]. This is demonstrated in Fig. 7, where the light-activated state was 
maintained at 0°C in the dark for 9 min in the presence of  inorganic phosphate. 
In the absence of inorganic phosphate complete decay of  the capacity to 
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Fig.  6.  T h e  e f f e c t  o f  t e m p e r a t u r e  on  t h e  a c t i v a t i o n ,  d e c a y  and  r e a c t i o n  phases  o f  A T P - d r i v e n  Q r e d u c t i o n .  
C o n d i t i o n s  as  d e s c r i b e d  u n d e r  Fig .  i ,  e x c e p t  fo r  the  t e m p e r a t u r e  t h r o u g h o u t  w h i c h  was  as  i nd i c a t e d .  
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Fig. 7.  T h e  e f f e c t  o f  inorganic  p h o s p h a t e  in retarding the  deca y  o f  the  ac t ivated  s tate  o f  ATPase  in the  
dark.  C o n d i t i o n s  as descr ibed  under  Fig. 1, e x c e p t  that  l lght -act ivat ion  wa s  for  2 rain at  15°C0 at wh ich  
po in t  the  t e m p e r a t u r e  was  l o w e r e d  to  0 ° C ,  and l ight  ac t iva t ion  c o n t i n u e d  for  a n o t h e r  m i n u t e .  The  
sample s  w e r e  k e p t  for  a further  8 rain at  0 ° C  in the  dsxk,  t e m p e r a t u r e  w a s  raised to  1 5 ° C  and I m i n  later 
( 0  t i m e  on  f igure)  5 0  ~ M  ATP w a s  added .  Where ind icated  1 m M  p h o s p h a t e  w a s  added i m m e d i a t e l y  af ter  
l ight ac t ivat ion .  

catalyse ATP hydrolysis occurred even at 0°C. The stabilizing effect o f  phos- 
phate makes it possible to perform treatments, such as removal or substitution 
of  reaction components  by centrifugation, during the lengthened period of  
maintainance of  the activated state. 

Inhibitors 
It was previously shown that addition of  phenylurethane or DCMU causes a 

rapid increase of  the initial fluorescence yield [13- -15] .  The magnitude of  this 
inhibitor-induced fluorescence increase (doubling of  the initial fluorescence 
yield) is similar to that observed on ATP addition. Fig. 8 shows an experiment 
designed to clarify the relation between the ATP- and DCMU-induced effects. 
Fluorescence was measured with an extremely weak measuring beam, to avoid 
light-induced Q reduction. The ATP-driven rise in fluorescence yield was fully 
reversed by uncouplers, like SF 6847  [2 ,3] ,  whereas the DCMU-induced rise 
was unaffected. This result is in agreement with the interpretation that the 
ATP-induced rise requires the production of  a high energy state through the 
ATPase reaction, and thus is sensitive to uncouplers, while the DCMU-induced 
rise is due to a change in the relative redox potentials of  the Q-R couple [15]  
which leads to a greater reduction o f  Q and is thus expected to be insensitive to 
uncouplers. The stimulation of  fluorescence by DCMU is also independent of  
the presence of  dithiothreitol or phenazine methosulfate (see Fig. 11). 

The similar extent  of  the two effects raised the question whether, though 
operating via different mechanisms, both effects are limited by the same pool  
of  electron donors or acceptors. This possibility appears to be substantiated by 
the experiment of  Fig. 9, where it is shown that when DCMU was introduced 
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after ATP had already raised the fluorescence level to its maximum extent,  its 
effectiveness was drastically reduced, and vice versa. 

A more quantitative documentation is presented in Fig. 10 where ATP was 
added following different concentrations of  DCMU, and the DCMU- and ATP- 
induced rises were recorded. Clearly, the higher the DCMU-induced effect the 
lower the ATP-induced one. Finally, it was previously shown that far-red pre- 
illumination can oxidize the electron carriers between the two photosystems, 
and thus decrease the energy<lependent reverse electron f low reaction; and that 
the effect  is fully reversible by a subsequent preillumination with Photosystem 
II sensitizing light [16] .  Fig. 11 illustrates that such preflluminations also 
markedly decrease and increase the DCMU-induced rise in fluorescence yield, 
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t i o n s ,  w a s  i n j e c t e d  9 0  s a f t e r  l i g h t  a c t i v a t i o n  a n d  A T P  3 0  s t h e r e a f t e r .  T h e  v a l u e s  p l o t t e d  f o r  D C M U  w e r e  
t h o s e  m e a s u r e d  3 0  s a f t e r  i t s  a d d i t i o n ,  a n d  f o r  A T P ,  2 m i n  a f t e r  i t s  a d d i t i o n .  

supporting the content ion [15]  that back electron transfer between compo-  
nents o f  the electron transport chain is involved. 

n-Heptyl-hydroxyquinoline-N-oxide,  which inhibits electron transport in a 
manner similar to DCMU [17]  shows multiple effects (Fig. 12, see also ref. 2). 
At the lower concentration range (10-7--10 -s M) it inhibits the ATP-induced 
fluorescence rise without  in itself causing any significant rise in fluorescence 
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F i g .  1 1 .  T h e  e f f e c t  o f  p r e K t u m i n a t i o n  w i t h  l i g h t  p r e f e r e n t i a l l y  s e n s i t i z i n g  P h o t o s y s t e m  I o r  P h o t o s y s t e m  
I I  o n  t h e  D C M U J m d u c e d  r i s e  i n  f l u o r e s c e n c e  y i e l d .  R e a c t i o n  m i x t u r e  u d e s c r i b e d  u n d e r  F i g .  1 e x c e p t  f o r  
t h e  O m t ~ d o n  o f  d i t h l o t h r e i t o l  a n d  p h e n a z i n e  m e t h o s t d f a t e ,  a n d  t h e  m e a s u r i n g  l i g h t  i n t e n s i t y  w h i c h  w a s  
0 .1  e r g  • c m  -2  . s -1 . P r e i l l u m i n a t i o n  w a s  as  f o l l o w s :  ( 1 )  2 m i n  w i t h  f a r - r e d  l i g h t  ( > 7 1 5  n m ) ,  104  e r g s  • 
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Fig .  12 .  T h e  e f f e c t  o f  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  2 - n - h e p t y l - 4 - h y d r o x y q u i n o l i n e - N - o x i d e  ( H Q N O )  o n  

t h e  H Q N O -  a n d  A T P - i n d u c e d  r ise  in  f l u o r e s c e n c e  y i e ld .  C o n d i t i o n s  as d e s c r i b e d  u n d e r  F ig .  10 ,  e x c e p t  t h a t  

H Q N O  r e p l a c e d  D C M U .  

c m  -2 • s - l .  (2 )  2 r a i n  d a r k .  (3)  5 s b l u e  ( 3 9 0 - - 5 5 0  n m ) ,  5 • 104  ergs  • era -2 • s - I  , f o l l o w e d  b y  2 ra in  d a r k .  

(4 )  10  s b l u e ,  f o l l o w e d  b y  2 r a in  d a r k .  T e m p e r a t u r e ,  1 5 ° C .  

yield. However at higher concentration (>5  • 10 -s M) it does markedly increase 
fluorescence yield in a manner resembling DCMU. At the higher concentration 
range (>5  • 10 -s M) it acts also as an uncoupler, as indicated by its ability to 
dissipate the ATP-induced buildup of  ApH (Fig. 13). 
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Fig .  13 .  U n c o u p l i n g  b y  2 - n - h e p t y l - 4 - h y d r o x y q u i n o U n e - N - o x i d e  ( H Q N O ) .  C o n d i t i o n s  as d e s c r i b e d  uncter  
F ig .  1, e x c e p t  t h a t  o n l y  t h e  9 - a m i n o a c r i d i n e  f l u o r e s c e n c e  was  m o n i t o r e d .  H Q N O  was  i n j e c t e d  in  t h e  f i r s t  

a d d i t i o n  i n d i c a t e d  t o  a f i n a l  c o n c e n t r a t i o n  o f  6 • 1 0  -5 M a n d  i n  t h e  s e c o n d  t o  2 • 10  -`4 M. F u r t h e r  a d d i -  
t i o n s  we re  w i t h o u t  e f f e c t .  
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Discussion 

The data presented illustrate the rather complex nature of  the ATP-induced 
buildup of  ApH and of  the ATP-induced increase in chlorophyll  fluorescence 
yield. The simultaneous recordings of  these two phenomena in Figs. 1, 2, 4 
and 7, suggest a close kinetic correlation between ApH formation and the main 
portion of  Q reduction [3]. Such behaviour is in agreement with the chemi- 
osmotic hypothesis  [18],  which predicts that ATP<lriven reverse electron flow 
operates through the intermediary creation of  a transmembrane pH gradient. 

A new aspect is introduced by the finding, illustrated in Fig. 2, of a rapid 
phase in the chlorophyll  fluorescence increase. This rapid phase is not  corre- 
lated with any detectable rapid step in ApH formation (as indicated, the initial 
step found in acridine fluorescence quenching was analysed to be artifactual). 
The rapid chlorophyll  fluorescence increase can be separated from the main rise 
by omitting phenazine methosulfate from the reaction mixture,  indicating that, 
contrary to the main phase, no exogenous electron donor  is required. Possibly, 
this could mean that the rapid phase does not  involve Q reduction. Whether Q 
reduction is involved or not,  it is important  to note that  with the rapid phase of  
the chlorophyll  fluorescence rise, a link between the ATPase reaction and 
reactions at the pigment level is given, which appears not  to involve the inter- 
mediary formation of  a ApH. In a following report  [24] this conclusion is 
further strengthened by observations on ATP-stimulated chlorophyll lumines- 
cence [ 4]. 

PhenomenologicaUy there is some similarity between the effect  of  an active 
ATPase and of  DCMU on the Photosystem II electron acceptor pool. This 
similarity is evident in Fig. 3, where light-induced fluorescence kinetics are 
compared,  and in Figs. 8--11, where the ATP and DCMU increases of  the initial 
fluorescence yield are analysed. Clearly the mechanisms by which ATP and 
DCMU exert  their effects are markedly different, as indicated by the insensitiv- 
ity of  the latter towards uncouplers (Fig. 8), as well as its lack of requirement for 
activation by preillumination. Nevertheless, we interpret the phenomenological 
similarity as indicating a similar effect  of  the two treatments on the state of  the 
Q-R redox couple [15,19--22] .  Velthuys and Amesz [15] suggested that 
DCMU causes a lowering of  the midpoint  potential of  the secondary electron 
acceptor  R, thus inducing reduction of Q by R-.  The state Q • R- was found 
to decay relatively slowly, with a half-time of  about  3.5 min around 16°C [15]. 
Therefore,  under the condit ions of  our experiments a plentiful supply of  Q • R- 
is present at the moment  of ATP or DCMU injection. However,  in the absence 
of  phenazine methosulfate,  DCMU induced a full increase in fluorescence yield 
whereas ATP does not  (see e.g. Fig. 3). For  the maximum ATP-induced 
increase to occur an additional condit ion,  related to the phenazine methosul- 
fate action, has to be fulfilled. It appears likely that  this reflects a requirement 
for a reduced plastoquinone pool. Thus, the ATP-induced reverse electron flow 
seems to involve an electron transfer from a reduced plastoquinone pool, while 
the DCMU-induced Q reduction seems to involve an electron transfer from R- 
to Q. This interpretation suggests the existence of  an energy coupling site 
between R and plastoquinone (see also ref. 23). 

The relative insensitivity to low temperature of  the ATP<iriven reverse elec- 
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tron f low is surprising. The reaction proceeds well down to 0°C (Fig. 4) which 
makes it possible to perform long term experiments with minimal inactivation. 
The activation reaction has an optimum around 15°C (Fig. 6), and the activated 
state decays in the dark rather rapidly even at 0°C, unless inorganic phosphate 
is added (Fig. 7). Taking advantage of  the temperature-and phosphate-stabiliz- 
ing effects, it is possible to design long term experiments where the contents of  
the activation and reaction phases may be varied without losing activity. 2-n- 
Heptyl-4-hydroxyquinoline-N-oxide, an inhibitor whose effects on electron 
flow resemble those of  DCMU [17] ,  does not induce the change in the redox 
properties of  the Q-R couple if concentrations exceeding 5 . 1 0 - S M  are 
avoided. Nevertheless in the low concentration range it markedly inhibits ATP- 
induced Q reduction (Fig. 12). Such inhibition occurs in a concentration range 
where its uncoupling effect  is negligible. Thus, at low concentrations, it appears 
to be a less complex inhibitor than DCMU since it effectively inhibits forward 
[17] and reverse [2] electron transport, without a detectable effect  on the Q-R 
equilibrium. 
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