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The biphasic rise of chlorophyll fluorescence induced in the dark (following activation of the latent ATP-ase) 
upon ATP-hydrolysis was investigated in detail, yielding the following main results: (1) The rapid phase is 
independent of artificial reductants or redox mediators. On the contrary, the slow phase requires such 
additions. (2) The slow phase is selectively eliminated by substances which collapse the transmembrane 
proton gradient, while the rapid phase may even be stimulated. (3) The ratio of rapid-to-slow phase is favored 
by a high degree of chloroplast integrity. The same factors which favor the rapid phase appear to be essential 
for a pronounced 'slow electrogenic reaction' in the flash-induced P 515 absorbance change. (4) For the rapid 
phase of the ATP-induced fluorescence increase, neither a ZlpH nor a A~ are obligatory intermediates. (5) 
Hydroxylamine at about 5 . 1 0 - 3  M causes a preferential stimulation of the rapid phase by about a factor 2. 
(6) There is selective inhibition of the slow phase by DBMIB,  dinitrophenylether of iodonitrothymol, 
Bathocuproine and H Q N O  (2-heptyl-4-hydroxy quinoline-N-oxide) which are known to block at the level of 
the Cyt b / f  FeS-complex. (7) The rapid phase is not affected by presence of 5 mM ferricyanide; however, 
there is substantial suppression if in addition a lipophilic redox mediator, like diamino-durene, is present. It  is 
concluded that the two components of the reverse coupling reactions, reflected by the biphasic ATP-induced 
fluorescence rise, involve different coupling intermediates and different types of reverse electron flow. The 
rapid component appears to reflect close interaction between the coupling factor and a redox component in 
the vicinity of Photosystem II. 

Introduction 

When chloroplasts are illuminated in the pres- 
ence of thiol reagents, the latent triadeno- 
sinephosphatase (ATPase), becomes activated 

Abbreviations: PS II, Photosystem II; Hepes, 4-(2-hydroxy- 
ethyl)-l-piperazineethanesulfonic acid; DCMU, 3-(3',4'-dichlo- 
rophenyl)-l,l'-dimethylurea; PMS, phenazine methosulfate; 
HQNO, 2-heptyl-4-hydroxy quinoline-N-oxide; DBMIB, 2,5- 
dibromo-3-methyl-6-isopropyl-p-benzoquinone; Cyt, cyto- 
chrome. 

[1-5]. In intact chloroplasts, the thioredoxin sys- 
tem appears to play an essential role, allowing 
light-activation of the hydrolase without addition 
of external sulfhydryl reagents [6-10]. 

Upon A T P -  hydrolysis, a sequence of reac- 
tions is induced, which may be considered the 
reversal of those events leading to ATP-synthesis 
during photosynthetic electron flow (for a review, 
see Ref. 11). There is the build-up of a transmem- 
brane proton gradient [12-14] and of a membrane 
potential [15-17], electrons are induced to flow in 
the reverse direction [8,11,13,14,18], and with en- 
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hancement of charge recombination at Photosys- 
tem II reaction centers there is stimulated light- 
emission (chlorophyll luminescence) [8,19,20]. 

The ATP-induced rise of chlorophyll fluores- 
cence has been previously described as an indica- 
tor for ATP-driven reverse electron flow [13,14,18]: 
simultaneous recordings of the ATP-induced in- 
crease of chlorophyll fluorescence and of 9- 
aminoacridine fluorescence quenching (as indica- 
tor of ApH formation) [21] suggested a close re- 
lationship between the slow chlorophyll fluores- 
cence rise component  and formation of a proton 
gradient [13,14]. The rapid component, on the 
other hand, was found to precede A pH-formation 
and to persist under condition when A pH-forma-  
tion was prevented [20]. 

In the present communication the properties of 
the ATP- induced fluorescence increase are 
analysed in more detail. Particular attention is 
paid to the different requirements and sensitivities 
of the two rise phases. It will be shown that the 
rapid rise component  displays properties which are 
indicative of a close interaction between the cou- 
pling factor and an electron transfer step in the 
vicinity of PS II. 

Materials and Methods 

Intact chloroplasts were isolated from freshly 
harvested spinach leaves according to the method 
of Jensen and Bassham [22]. For optimal re- 
sponses, it was found essential to preilluminate the 
leaves with strong light (about 300 W / m  2) shortly 
before chloroplast isolation. Intactness was be- 
tween 75 and 90%, as estimated by the fer- 
ricyanide method [23]. If not stated otherwise, 10 
#1 aliquots of intact chloroplasts (at about 3 mg 
C h l / m l  in buffer B) were suspended in 75 /~1 
buffer C (pH 7.8) and illuminated for 15 s with 
intense white light (2000 W / m  2). The chloroplasts 
were then exposed for 30 s to hypotonic conditions 
by dilution (factor 4) in shock-buffer (5 mM 
MgClz/2.5 mM Hepes-KOH (pH 7.8)), or in 
water, and resuspended in buffer C (modified to 
give a final MgZ+-concentration of 6 raM). The 
resulting chloroplast preparation (class D, accord- 
ing to the nomenclature in Ref. 24) had retained 
the capability of reducing added N A D P  at high 
rates (about 200 /xmol per mg Chl per h) and 

displayed a pronounced slow phase in the flash-in- 
duced P 515 absorbance change (see also Fig. 3). 
Light-activation, hypotonic treatment and mea- 
surement of the ATP-induced changes were car- 
ried out at 10°C with continuous stirring in a 
special cuvette which was described before [13,17]. 
Class D chloroplasts treated in the described way 
were used in all experiments, with the exception of 
parts of Figs. 3 and 7. 

Broken chloroplasts (class C) were isolated sim- 
ilarly to the intact chloroplasts, except that the 
leaves were macerated for 30 s (instead of 5 s) and 
centrifugation was for 2 min at 8000 x g (instead 
of 1 min at 4000 x g). Before each experiment, 
aliquots of the class C chloroplasts were treated 
hypotonically, as described for intact chloroplasts. 
Class C chloroplasts were activated in the reaction 
medium (buffer C, 6 mM MgC12) in presence of 5 
mM dithiothreitol by illumination (2000 W / m  2) 
for 2 min. 

Chlorophyll fluorescence was monitored by an 
extremely weak 550 nm measuring beam (about 
10 -4 W / m  2) which by itself did not induce any 
appreciable fluorescence rise even in presence of 
D C M U  and NH2OH. Hence, the presented curves 
display changes of the dark-fluorescence level 
which is modified by factors different from light 
(ATP, D C M U  and N H 2 O H  ). The measuring sys- 
tem was based on a fiber optics design, as previ- 
ously described [13,25,26]. ATP-induced changes 
of P 515 absorbance were measured in the same 
system, with a laboratory-built spectrophotometer 
[17,27] connected via appropriate fiber bundles to 
the cuvette, operated either in the single-beam or 
the dual-wavelength mode at an alternation 
frequency of 2500 Hz. 

Results and Discussion 

Different requirements for rapid and slow rise com- 
ponents 

The ATP-hydrolase is effectively activated by 
preillumination of intact chloroplasts without ad- 
dition of artificial sulfhydryl reagents [6-10,17,28]. 
Following light-activation and hypotonic treat- 
ment the hydrolase keeps active over several 
minutes [6-10] and ATP-induced reverse coupling 
reactions can be observed. Fig. 1 shows typical 
traces of the ATP-induced increase of chlorophyll 
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Fig. 1. ATP-induced increase of dark-level fluorescence in the 
presence and absence of external reductants and redox media- 
tors. (a). First trace, presence of diaminodurene (10 -4 M) and 
sodium ascorbate (10 -3 M); essentially the same induction 
kinetics were observed with only diaminodurene added in the 
reduced form. Where indicated, PMS (final concentration, 10-7 
M) was injected to the stirred sample. Second trace, absence of 
any artificial reductants and mediators; where indicated, 10 -4 
M diaminodurene was added. (b) First trace, presence of PMS 
(10 -7  M) and dithiothreitol (5.10 3 M). Where indicated, 
diaminodurene (final concentration, 10 -4 M) was added. Sec- 
ond trace, presence of 5.10 -3 M dithiothreitol; where indi- 
cated 10 - 7  M PMS was added. Fluorescence was monitored 
with an extremely weak measuring beam which by itself did not 
induce any fluorescence rise beyond the dark-level (see Meth- 
ods). One relative unit of the ordinate scale corresponds to the 
fluorescence intensity shortly before ATP-addition. ATP was 
added (final concentration, 3.10-4 M) 135 s following termina- 
tion of activating illumination. Chlorophyll concentration, 35 
,u. g / m l .  

fluorescence, in dependence of the presence of 
added reductants  and redox mediators.  It is ap- 
parent  that the slow phase of the fluorescence rise 
requires an artificial electron dona t ion  system 
(PMS/d i th io th re i t o l  or d i a m i n o d u r e n e / a s c o r -  
bate), while there is no such requirement  for the 
rapid rise phase. The ratio between rapid and slow 

rise components  is somewhat more favorable with 
d iaminodurene  as reductant .  PMS also induced 
some fluorescence quenching.  Hence, in most ex- 

periments,  the d iaminodurene  dona t ion  system was 
preferred. 

Separat ion of the rapid rise componen t  is 

achieved by omission of artificial reductants  and 

mediators.  In  the following chapters use of such 
separat ion will be made to study specific aspects 
of this phase. In  intact  chloroplasts, limited 

amounts  of intr insic reductants  and  redox media- 

tors are available, allowing development  of a sec- 
ondary  rise phase (albeit smaller and slower than 

in the artificial system [8]. Also in preparat ions  of 
freshly shocked chloroplasts (class D), sometimes 

a small slow rise componen t  can be observed in 

absence of PMS (or diaminodurene) ,  provided di- 
thiothreitol is present (data not  shown). 

It has been suggested by previous work [13,14] 
that the slow rise componen t  requires the forma- 
t ion of an ATP- induced  proton  gradient. As shown 
in Fig. 2, the ampl i tude  of the rapid phase is 
rather st imulated by up to 10 m M  NHnC1, while 
the slow phase is suppressed. 

The results of Figs. 1 and 2 emphazise two 

major  differences in the requirements  for the rapid 
and  slow ATP- induced  fluorescence rise compo- 

nents.  Contrary  to the slow phase, the rapid phase 

does not  depend on addi t ion of artificial re- 
ductants  and redox mediators. A n d  the rapid phase 
does not  require format ion of a A pH, which is 

essential for the slow phase. 

Prerequisites for a pronounced rapid fluorescence 
response 

All t reatments  which affect the activity of the 
ATP-hydrolase  also suppress the rapid rise phase 
along with the slow phase. Hence, no response is 
found without proper  light act ivation or in pres- 
ence of ATP-ase inhibi tors  (Tentoxin,  Dio-9, tri- 
-N-buty l - t in )  or in  presence of uncouple rs  
(Gramicidin ,  Desaspidin).  

The rapid phase is part icularly sensitive to fac- 
tors which affect the state of the thylakoid mem-  
brane  and, presumably,  of the enzyme complexes 
associated with it. Generally,  it is most  pro- 
nounced  in  class D chloroplasts (intact chloro- 
plasts freshly shocked). In  Fig. 3, ATP- induced  
responses of classes D and C chloroplasts are 
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Fig. 2. Selective suppression of the slow component of the 
ATP-induced fluorescence increase by NH4CI. (a) Kinetic 
traces at indicated concentrations of NH4CI. All samples con- 
tained 10 -4 M diaminodurene. Addition of NH4C1 occurred 
only 15 s before ATP-injection. With longer incubation times 
of the uncoupler the rapid phase was somewhat suppressed at 
concentrations above 5 mM NH4CI. (b) Plots of the ampli- 
tudes of rapid and slow phases of the ATP-induced fluores- 
cence rise kinetics, as derived from the traces in (a). The 
amplitudes are given in zl F-units, one unit corresponding to the 
yield before ATP-addition. 

compared. The figure also shows corresponding 
traces of the ATP- and light-induced carotenoid 
shift (/I-,4525_535) and of the flash-induced P 515 
change observed with the two different prepara- 
tions. It is apparent,  that the amplitudes of the 
ATP- and light-induced absorbance changes are 
smaller with class C chloroplasts as compared to 
class D chloroplasts. The amplitudes differ by 
about a factor 2.5, which is close to that by which 
the rapid fluorescence phases differ in the two 
preparations. There is considerably less difference 
in the slow phases of the ATP-induced fluores- 
cence increases. Comparison of the flash-induced 
P 515 changes suggests that in the two types of 
chloroplasts Reaction I [28-30] is about equal, 
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while Reaction II is distinctly more pronounced in 
Class D chloroplasts. Apparently, the occurrence 
of a large, ATP-induced P 515 change is correlated 
with the potential for the induction of Reaction II, 
which is considered to originate from an electro- 
genic Q-cycle involving the plastoquinone pool 
and the Cyt b/f-FeS complex [30-33]. 

The most simple explanation for these data 
would be that the generation of a membrane 
potential by ATP-hydrolysis is essential for the 
rapid phase of the ATP-induced fluorescence rise. 
However, this explanation is questioned by the 
finding that valinomycin does not suppress this 
rapid response, while it is known to dissipate 
effectively the membrane potential [34] and the 
R e a c t i o n - I I -  type response in particular [35]. In 
Fig. 4 the separated rapid phase (omission of 
artificial reductants and mediators) is shown under 
condition of dissipated membrane  potential 
(+valinomycin) ,  of dissipated proton gradient 
( + NH4C1 ) and of full uncoupling ( + valinomycin, 
+NH4C1 ). Valinomycin as well as NH4C1 some- 
what slow down the ATP-induced response, 
without preventing it. There is strong synergism of 
the two substances, similar to the previously re- 
ported synergistic effect of valinomycin and 
nigericin [20]. These data do not support a 
straightforward association of the rapid fluores- 
cence component  with an ATP-induced membrane 
potential. It  appears that neither A~b nor ApH are 
obligatory intermediates for the reverse coupling 
reaction reflected by the rapid fluorescence com- 
ponent. The suppression of the reaction upon 
elimination of ApH and A~b may be caused by the 
decay of the activated state [4,36,37], by dissipa- 
tion of coupling intermediates, or by a combina- 
tion of these two factors. In this context it may be 
important to note that a substantial part  of the 
rapid ATP-induced fluorescence rise can be main- 
tained in presence of valinomycin and NH4CI, 
provided the NHaC1 is added only briefly (5-10 s) 
before ATP-injection (data not shown). 

As shown in Figs. 5 and 6, hydroxylamine 
(NH2OH) stimulates the rapid rise component  by 
about a factor 2. Half-maximal effect is observed 
at 1 .5 -10 -3M NH2OH.  Also the slow phase is 
stimulated in amplitude, although to a lesser ex- 
tent. Interestingly, NH2OH itself induces a sub- 
stantial dark-fluorescence increase. If NH2OH is 
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Fig. 3. Comparison of classes C and D chloroplasts with respect to their capacity for ATP-induced changes of chlorophyll fluorescence 
and P 515 absorbance, as well as for the flash-induced P 515 change. (a) Fluorescence induction in presence of 5 mM dithiothreitol 
and 5-10 -s  M PMS. (b) As in (a), but without PMS. (c) P 515 absorbance change, measured dual-wavelength at 525 vs. 535 nm, to 
eliminate non-specific absorbance changes and stirring noise. Conditions as in (b). Where indicated, continuous red light (?~ > 650 nm; 
Schott RG 665) was given at an intensity of 10 W / m  2. (d) Flash-induced change in P 515 absorbance, measured single beam at 525 
nm. Where indicated, a saturating flash from a General Electrics FT 230 xenon flash tube (about 10 /~s duration) was given. 
Chlorophyll concentration was 35 ~g/ml  in the fluorescence and 70/~g/ml in the P 515 experiments, adjusted to be identical for the 
classes C and D chloroplast preparations. 
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Fig. 4. Separated rapid phase under conditions of suppressed 
transmembrane gradients. Absence of artificial reductants or 
mediators. Valinomycin was added to a final concentration of 
10 -7 M at 1 min before ATP-injection. 5 mM NH4CI was 
added 45 s before ATP. 

a d d e d  a f t e r  A T P ,  t he  N H 2 O H - i n d u c e d  c h a n g e  is 

e n h a n c e d ,  s u c h  t h a t  t he  c o m b i n e d  e f fec t  of  A T P  

a n d  N H 2 O H  is a b o u t  t h e  same ,  i r r e s p e c t i v e  of  t he  

o r d e r  of  a d d i t i o n .  H y d r o x y l a m i n e  is k n o w n  to ac t  

a t  t he  PS I I  d o n o r  s i te  [38 -40 ] .  I t  b l o c k s  w a t e r s p -  

l i t t i n g  b y  r e d u c i n g  the  o x i d i z e d  s e c o n d a r y  d o n o r  

o f  PS I I  [40]. F o r  t he  s a m e  r e a s o n  it  is a p o t e n t  

i n h i b i t o r  o f  c h a r g e  r e c o m b i n a t i o n  a t  PS II  r e a c t i o n  

c e n t e r s  a n d  of  t h e  r e s u l t i n g  e m i s s i o n  of  d e l a y e d  

c h l o r o p h y l l  f l u o r e s c e n c e  [39]. N H 2 O H  a l so  in-  

h i b i t s  t he  A T P - i n d u c e d  l u m i n e s c e n c e  b u r s t  w h i c h  

n o r m a l l y  is c o r r e l a t e d  w i t h  o c c u r r e n c e  of  t he  r a p i d  

f l u o r e s c e n c e  r e s p o n s e  [19,20] ( d a t a  n o t  s h o w n ) .  

M e a s u r e m e n t s  of  A T P - i n d u c e d  P 515 a b s o r b a n c e  

c h a n g e s  a n d  of  A T P - i n d u c e d  9 - a m i n o a c r i d i n e  
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Fig. 5. Effect of NH2OH on the kinetics of the ATP-induced 

fluorescence rise. (a) Presence of 10 -4 M diaminodurene. In 

the experiment of the second trace 5 mM NH2OH was added 1 

min before ATP-injection. (b) Absence of artificial reductants 
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Fig. 6. Dependency of the separated rapid phase on the con- 
centration of NH2OH. Conditions as in Fig. 5b. One relative 
unit of A F corresponds to the ATP-induced increase of fluores- 
cence in a control sample. 
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quenching did not reveal any significant effect of 
NH2OH on formation of the t ransmembrane 
potential and of the proton gradient (data not 
shown). 

So far, the mechanisms of the ATP-induced 
rapid fluorescence increase and of its stimulation 
by NH2OH are not clear. If the rapid component  
reflects a type of reverse electron flow involving 
reduction of PS-II-acceptor molecules, one could 
suspect that NH2OH enhances this response by 
preventing reoxidation of the reduced acceptor via 
the PS-II backreaction. 

As pointed out above (see Fig. 3), the rapid 
phase is particularly sensitive to modifications of 
the state of the thylakoid membrane. In some 
cases, such modifications do not affect the ampli- 
tude of the rapid phase in controls, but are clearly 
expressed in experiments where ionophores or un- 
coupling reagents are present. This aspect is dem- 
onstrated by the results of Fig. 7. It is shown that 
the protonophore nigericin can have rather oppos- 
ing effects on the rapid-rise phase, depending on 
whether chloroplasts were activated intact (stimu- 
lation) or envelope-free in presence of dithiothrei- 
tol (suppression). It  should be pointed out that 
these two chloroplast preparations were obtained 
from the same stock, exposed to the same shock 
medium and resuspended in the same reaction 
mixture. The only difference was that in one case 
activation was while chloroplasts were still intact, 
whereas in the other case activation was following 
hypotonic treatment. Similar results were obtained 
with a number of other ionophores and uncou- 
pling reagent. For some reason, the activated state 
created by illumination of the intact chloroplasts 
appears to be more stable, or more resistant against 
dissipative agents, than that formed by illumina- 
tion of the envelope-free chloroplasts. 

Selective suppression of the slow rise by electron 
transport inhibitors 

A number of electron transport inhibitors selec- 
tively suppress the slow ATP-induced fluorescence 
rise, without affecting the rapid phase, and without 
preventing the build-up of a proton gradient or of 
a membrane potential. Such substances are di- 
nitrophenylether of iodonitrothymol (1.5-10 - 6  

M); DBMIB (2 .10  -v M), H Q N O  (4-10  -5 M) 
and Bathocuproine (8- 10  - 6  M ) .  The numbers in 



76 

e- 

_d 

L 

CI. control 

act. (i) 
[Nigericin] 

~--- 20 s -----~ 

ATP 

bo 

control 

act. (S) 

J [ Nigericin] 

2x%0 -B M 

AI P 

Time 
Fig. 7. Effect of the protonophore nigericin on the ATP-induced fluorescence rise in dependence of the way of ATPase 
light-activation. (a) Activation of chloroplasts while still intact. Following hypotonic treatment, chloroplasts were resuspended in a 
medium containing 5-10 -3 M dithiothreitol and 5-10 -8 M PMS. Nigericin was added at the indicated final concentrations 45 s 
before ATP-injection. (b) Activation of chloroplasts following hypotonic treatment and resuspension in a medium containing 5.10-3 

M dithiothreitol and 5-10 -8 M PMS (see also Methods). Other conditions identical to (a). 

the parentheses correspond to the concentrations 
for 50% suppression of the slow phase. Fig. 8 
shows examples of selective suppression of the 
slow phase by DBMIB and Bathocuproine. With 
dinitrophenylether of iodonitrothymol and H Q N O  
essentially the same type of changes were observed 
(not shown). These inhibitors have a mechanism of 
action which is different from that of D C M U  (see 
Refs. 40-42). At concentrations which are suffi- 
cient to completely suppress the slow ATP-in- 
duced fluorescence rise these substances do not 
induce any dark-fluorescence rise (not shown) and, 
hence, do not appear to bind to the B-protein at 
the PS-II-acceptor complex. A common property 
of these inhibitors is their interference with elec- 
tron transport steps at the cyt b/f-FeS complex 
[31-33,43]. One may conclude that electron flow 
through this complex is essential for the type of 
reverse electron flow expressed in the slow phase 
of the ATP-induced fluorescence rise. On the other 
hand, the rapid phase does not appear to involve 
such electron flow. 

Effect of strong oxidants 
The data presented above confirm previous 

conclusions that the slow ATP-induced fluores- 
cence rise reflects ATP-induced reverse electron 
flow. However, so far it is not clear whether this is 
also true for the rapid phase. If  the rapid phase is 
to reflect reverse electron flow, this should be 
suppressed by preoxidizing that component from 
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Fig. 8. Selective suppression of the slow phase by inhibitors 
acting at the Cyt b / f  Fe-S complex. (a) Concentration depend- 
ency of DBMIB. (b) Concentration dependency of Batho- 
cuproine. The inhibitors were added 1 min before ATP-injec- 
tion in form of small aliquots of methanolic solutions. Methanol 
additions did not exceed 0.3 volume percents, to avoid uncou- 
pling effects. All samples contained 5-10-5 M diaminodurene, 
10 -3 M sodium ascorbate and 3-10 -3 M NH2OH. 



which electrons are driven back to PS-II acceptors. 
In Fig. 9 the effect of ferricyanide on the rapid 

phase is shown. It  is observed that even 5 mM of 
this strong oxidant, if added without mediator, 
will not appreciably affect the response. This ap- 
pears remarkable also from the activation point of 
view, as the ATPase is supposed to be rapidly 
deactivated under oxidizing conditions [7,9]. If, 
however, a lipophilic redox mediator like di- 
aminodurence (or phenylenediamine) is present, 
there is the expected suppression of the ATP-in- 
duced response. Strong suppression of the rapid 
phase is also observed with the lipophilic oxidant 
dimethyibenzoquinone (DMQ) (50% suppression 
at 6 . 1 0  -4 M) and with H202 (50% effect at 
2 . 1 0 - 5  M) (not shown in the figures). 

While these effects of strong oxidants could 
indicate oxidation of the donor component  in 
ATP-induced reverse electron flow, also oxidative 
deactivation of the ATP-hydrolase may be in- 
volved. To differentiate between these two possi- 
bilities the effect of ferricyanide diaminodurene on 
ATP-induced membrane potential formation was 
measured. Fig. 10 shows that oxidizing conditions 
somewhat slow down the build-up of A~b and 
suppress the maximal amplitude, however, without 
much affecting the stationary level. Interestingly, 
oxidizing conditions appear to favor the light-in- 
duced P 515 change. 

These data suggest that at least part of the 

0.5 

Time 

Fig. 9. Effect of oxidizing conditions on the rapid phase of the 
ATP-induced fluorescence increase. (a) Control; reaction 
medium without further additions. (b) Addition of 5 .10-3 M 
ferricyanide about 20 s before ATP-injection. (c) As (b), but 
addition of 3.10 _4 M diaminodurene on top of 5 mM ferri- 
cyanide. Similar results were obtained with 3.10 -4 M phenyl- 
enediamine substituting for diaminodurene (data not shown). 
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Fig. 10. Effect of oxidizing conditions on the ATP-induced rise 
of P 515 absorbance. Conditions as described for the fluores- 
cence experiment of Fig. 9. Where indicated, continuous red 
light (10 W / m  2) was switched on and off. 

rapid ATP-induced fluorescence response may be 
related to a type of reverse electron flow which 
involves some lipophilic high potential PS-II 
acceptor. In the following communication (ref. 44) 
it will be shown that this PS-II acceptor displays 
'non-B properties', according to the definition of 
Lavergne [45,46]. 

Conclusions 

The presented data display the following funda- 
mental differences between the rapid and slow 
ATP-induced fluorescence rise components. 

(1) The slow phase requires addition of re- 
ductants and redox mediators (Fig. 1), while the 
rapid phase persists without any additions and is 
only suppressed by strong lipophilic oxidants (Fig. 
9). Obviously, if both phases are to reflect ATP-in- 
duced reverse electron flow, the electron sources 
differ vastly in redox potential and accessibility to 
oxidants. 

(2) The slow phase depends on A pH-formation,  
whereas the rapid phase may be even stimulated 
by A pH-dissipation (Figs. 2, 4 and 7), provided 
the state of the thylakoid membrane and of its 
associated enzyme complexes is kept close to that 
of intact chloroplasts. Hence, the slow phase, with 
a A pH as an obligatory intermediate, follows the 
predictions of the chemiosmotic hypothesis 
[34,47-49]. This is not necessarily true for the 
rapid phase, as neither ApH nor A~b are obligatory 
(Fig. 4). 

(3) A number of inhibitors which are known to 
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block electron transport at the level of the Cyt 
b/f-FeS complex, suppress the slow phase without 
affecting the rapid one (Fig. 8). This difference in 
inhibitor sensitivities may be interpreted in terms 
of differing pathways of reverse electron flow. The 
reverse flow expressed in the slow phase, depends 
on electrons fed into the Cyt b/f-FeS complex by 
a suitable external reductant. It appears likely that 
the inhibitors block the A pH-driven transfer of 
electrons from the complex to the plastoquinone 
pool by occupying the plastoquinone binding sites. 
The electron-transfer step involved in the rapid 
phase should be more close to the PS II reaction 
centers. As will be shown in the following paper, 
even D C M U  at concentrations which are saturat- 
ing with respect to the displacement of the plasto- 
semiquinone anion, does not prevent the rapid 
ATP-induced fluorescence rise. Inhibition occurs, 
however, at concentrations exceeding 10 4 M 
D C M U  [44]. 

In conclusion, analysis of the ATP-induced flu- 
orescence rise reveals two phases of reverse cou- 
pling reactions with vastly differing properties. 
The two phases appear to involve different cou- 
pling intermediates and different steps of reverse 
electron flow. The rapid phase may be particularly 
important with respect to the current controversy 
on 'chemiosmotic '  and 'localised' coupling mecha- 
nisms [28,47-60]. Obviously, this rapid phase re- 
flects some very close interaction between the cou- 
pling factor and a redox component  in the vicinity 
of PS II. In the following contribution (Ref. 44) 
this aspect will be further analysed by a compara- 
tive study of the ATP-induced and the DCMU-in-  
duced fluorescence changes. 
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