
4 4 8  

Biochimica et Biophysica Acta, 5 4 6  ( 1 9 7 9 )  4 4 8 - - 4 5 4  

© E l s e v i e r / N o r t h - H o U a n d  B i o m e d i c a l  P r e s s  

B B A  4 7 6 6 6  

PROPERTIES OF ATP-INDUCED CHLOROPHYLL LUMINESCENCE IN 
CHLOROPLASTS * 

MORDHAY AVRON ** and ULRICH SCHREIBER *** 

Department of  Plant Biology, Carnegie Institution of  Washington, 290 Panama St., Stanford, 
CA 94305 (U.S.A.) 

(Received August 30th, 1978) 

Key words: Luminescence; Chlorophyll luminescence; A TP induced 

Summary 

1. The recently described reaction of  ATP-induced luminescence is analyzed 
for its relation to other ATP-induced reactions such as ATP<lriven transmem- 
brane proton gradient formation and ATP-driven reverse electron flow. 

2. In the absence of  phenazine methosulfate ATP-induced luminescence is 
optimal while the main phase of ATP-driven reverse electron flow is eliminated. 

3. DCMU which by itself causes a much smaller luminescence, inhibits the 
ATP-induced luminescence. 

4. Nigericin plus valinomycin, but not  each by itself, fully inhibit the ATP- 
induced luminescence. 

5. The observations are interpreted as indicating that  ATP stimulates 
luminescence by a 2-fold mechanism: (a) increasing the amount  of  the reduced 
primary electron acceptor of  Photosystem II, Q, and (b) creating a transmem- 
brane electrochemical potential which serves to decrease the activation energy 
required for the charge recombination reaction which leads to luminescence. 

Introduct ion 

Upon a light-dark transition chloroplasts emit post-illumination lumines- 
cence [1], which is commonly considered to result from the recombination of 
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positive charges (Z*) and negative charges (Q-) at the Photosystem II reaction 
centers [1,2].  Stimulation of  post-illumination luminescence by a variety of  
treatments has been reported (for a recent  review see ref. 3) such as transthyl- 
akoidal ApH [4],  ApH-induced reverse electron flow [5],  salt addition [6],  a 
rapid temperature increase [7],  addition of  DCMU [8] or dithionite [9].  These 
treatments have in common,  that  they either increase the supply of  electrons at 
Q or provide an additional source of  activation energy for the recombination 
reaction (see ref. 3). 

After light-activation of  the latent adenosine triphosphate (ATPase), addi- 
tion of  ATP in the dark to isolated chloroplasts leads to formation of  trans- 
thylakoidal ApH (see ref. 10) and reduction of  Q by reverse electron flow 
[11,12].  

We have recently briefly reported [13] on conditions under which a new 
type of  reaction, ATP-induced chlorophyll  luminescence can be observed. In 
this communicat ion we describe the properties of  this new reaction, its relation 
to the previously described ATP-induced ApH and reverse electron flow, and 
the effects of  inhibitors and uncouplers on the reaction. 

Materials and Methods 

Spinach chloroplasts were prepared [14] and chlorophyll  determined [15] 
essentially as previously described. The chloroplasts were finally suspended in a 
small volume of 0.4 M sucrose, 0.05 M NaCl at a concentrat ion of  about  2 mg 
chlorophyll  per ml. The instrument used [12] and the methodology employed 
[13] were as previously described with variants indicated in the figure and table 
legends. 

Results 

Properties and relation to A TP-dependent reverse electron f low 
Fig. 1 illustrates the phenomenon and its dependence on the concentrat ion 

of ATP. The chloroplast suspension was first illuminated with strong, heat 
filtered white-light for 3 min to activate the latent ATPase [10,12].  From 
about  5 s after the activating light was turned off  (light-off arrow), the decay of  
post-illumination luminescence was monitored (see Fig. 1) for 90 s, by which 
time it approached zero. Two saturating flashes were given (zig-zag arrow}, and 
ATP was injected 20 S after the last flash. Clearly ATP induced a large burst  of  
luminescence which decayed slowly. As previously indicated [13] preactivation 
of  the latent ATPase in the presence of  dithiothreitol and magnesium and pre- 
illumination with a flash or two were absolutely required for ATP to induce the 
extra luminescence. The figure illustrates that  a half-maximal effect  was 
observed with abou t  100 ~zM ATP, which is similar to values previously 
reported for ATP-induced reverse electron flow [ 11 ] and other  light-triggered 
reactions [16,17].  

In Fig. 2 the relation of  the ATP-induced luminescence to the ATP-induced 
reverse electron flow is illustrated. We have recently shown [18] that  the latter 
reaction is kinetically composed of  at  least two phases, a rapid small phase and 
a slow main phase. The former was found to be independent  of  the addition of  
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Fig. 1. ATP-/nduced luminescence. The react ion mix ture  contained: 15 mM tr icine, pH 8.0, 20 mM NaC]0 
5 m M  MgCI 2, 1 m M  i n o r g a n i c  p h o s p h a t e ,  pH  8.0 ,  5 m M  d i t h i o t h r e i t o l ,  0.1 #M p h e n a z i n e  m e t h o s u l f a t e ,  

and  c h l o r o p l a s t s  c o n t a i n i n g  20  ~g  o f  c h l o r o p h y l l  per  ml .  A T P  was  in j ec ted  wi th  a m i c r o s y r / n g e  in to  the  

t h o r o u g h l y  m i x e d  r e a c t i o n  m i x t u r e  in a v o l u m e  n o t  e x c e e d i n g  10  #1. T h e  l i gh t -o f f  a r r o w  i n d i c a t e s  the  

e n d  o f  t he  3 m i n  p r e t l l u m i n a t i o n  pe r iod .  T h e  zig-zag a r r o w  i n d i c a t e s  i l l u m i n a t i o n  w i t h  t w o  s a t u r a t i n g  
m i c r o s e c o n d  f lashes,  one  s e c o n d  apar t .  D u r i n g  i l l u m i n a t i o n  or  f l a sh ing  the  p h o t o m u l t i p l l e r  was  t u r n e d  off .  

T h e  d a s h e d  l ines  i nd i ca t e  e x W a p o l a t i o n s  i n t o  n o n - m e a s u r e d  t imes .  T e m p e r a t u r e ,  10°C.  O t h e r  de ta i l s  in 
t ex t .  

phenazine methosulfate, while the latter was optimal in the presence of 1 wM 
phenazine methosulfate. The right side of the figure illustrates these observa- 
tions. The ATP-induced reduction of the primary electron acceptor of Photo- 
system II, Q, is followed by monitoring the increase in chlorophyll fluorescence 
yield which accompanies its reduction [11,12]. The left side of the figure 
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Fig.  2. T h e  e f f e c t  o f  p h e n a z i n e  m e t h o s u l f a t e  (PMS)  on  A T P - i n d u c e d  reverse  e l e c t r o n  f low a n d  lumines -  
cence .  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  t h a t  t he  p h e n a z i n e  m e t h o l u l f a t e  f inal  con-  
c e n t x a b o n  was  as i n d i ca t ed .  A T P  to  0 .8  m M  was  i n j ec t ed  2 m i n  a f t e r  t he  t e r m i n a t i o n  o f  t he  p r e m u m i n a -  

t i o n  ( t i m e  ze ro  in  f igu re )  in  t he  f l uo re scence  m e a s u r e m e n t s ,  and  15 s a f t e r  the  t w o  f lashes  in  t he  lumlnes -  
cence  e x p e r i m e n t s .  T h e  i n t e n s / t y  o f  the  f l uo re scence  m e a s u r i n g  b e a m  [ 1 2 ]  was  10 e rgs  • c m  -2 • s - l ,  

y i e ld ing  a f l u o r e scen ce  i n t e n s / t y  a b o u t  100- fo ld  h i g h e r  t h a n  the  l u m i n e s c e n c e  i n t e ns / t y .  
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illustrates a similar experiment  in which the ATP-induced luminescence was 
monitored.  Clearly, phenazine methosulfate is not  required for the lumines- 
cence reaction. Furthermore,  phenazine methosulfate concentrat ions which are 
optimal for Q reduction,  severely inhibit the luminescence reaction. Thus, we 
have here a new type of  ATP-induced reaction, which correlates with the small 
rapid phase of  the ATP-induced rise in chlorophyll fluorescence yield, but  not  
with the main phase, and is too  rapid to correlate with the slow ATP-dependent  
buildup of  the transmembrane proton gradient [12].  Phenazine methosulfate 
was previously suggested to be required in ATP-induced reverse electron flow as 
a catalyst for electron flow from dithiothreitol to the electron transport  chain 
[11,18].  Its inhibition of  the ATP-induced luminescence may relate to the 
acceleration of  the, reduction of  Z ÷ by dithiothreitol, by  Q-, or by both.  

The effect of inhibitors 
DCMU, the potent  electron flow inhibitor, is considered to inhibit electron 

transport  after Q. It also caused a rapid reduction of  Q by R [19,18] ,  and thus 
stimulates luminescence [8,20,21].  In Fig. 3 the DCMU- and dithionite [19] 
-induced luminescences are compared with that  elicited by ATP. The ATP- 
induced luminescence is by far the largest in extent  and in the total number  of  
emit ted quanta. Fig. 4 shows that when DCMU is added before ATP, the ATP- 
induced luminescence is severely inhibited. 

The effect of ionophores 
In Fig. 5 the effects of  the K ÷ ionophore valinomycin, and the K ÷ ~ H ÷ 

exchange ionophore nigericin, are shown. Neither ionophore by itself had a 
marked effect  on the ATP-induced luminescence, but  the combinat ion of  both  
had synergistically fully inhibited the phenomenon.  Such behaviour is typical 
of  reactions whose driving force is an electrochemical potential  of  protons com- 
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Fig.  3. C o m p a r i s o n  o f  ATP-,  d i th ion i t e -  and D C M U - i n d u c e d  l u m i n e s c e n c e  signals.  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  t h a t  n o  p h e n a z i n e  m e t h o s u l f a t e  w a s  present .  T h e  t w o  sa turat ing  f lashes  
w e r e  given  1 r a i n  af t er  the  l i gh t  a c t i v a t i o n  p e r i o d  ( I . 0  o n  f igure) .  Where  i n d i c a t e d  D C M U  to  a f ina l  
c o n c e n t r a t i o n  o f  1 MM; N a 2 S 2 0 4 .  to  I 0  raM; or  ATP to  G.5 m M  were  in j ec ted .  
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Fig. 4. I nh ib i t i on  o f  A T P - i n d u c e d  l u m i n e s c e n c e  by  DCMU. R e a c t i o n  cond i t i ons  as descr ibed  u n d e r  Fig. I ,  
e x c e p t  t h a t  no p h e n a z i n e  m e t h o s u l f a t e  was  p resen t .  The  t w o  flashes were  given 90 s a f te r  the  l ight  act iva-  
t ion  pe r iod  (zero  t ime  on  f igure) .  Where  ind ica ted  DCMU to a final c o n c e n t r a t i o n  o f  1 #M an d  ATP to  
1 m M  were  in jec ted .  

posed of both a membrane potential and a transmembrane proton concentra- 
tion gradient [22].  Fig. 6 shows data, taken under similar conditions, of ATP- 
dependent proton gradient formation and Q reduction [12].  As expected, 
nigericin completely abolished the ATP<lependent proton gradient formation 
(the remaining small quenching of 9-aminoacridine fluorescence was previously 
established to be artifactual, due to chemical quenching by ATP [10,18]) ,  and 
the main phase of Q reduction. However, the rapid phase of  the ATP-induced 
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Fig. 5. Syne rg i sm b e t w e e n  nlgcricin (Nig) and  v a l i n o m y c i n  (Val) in inh ib i t ing  ATP- in d u ced  luminescence .  
R e a c t i o n  c o n d i t i o n s  as desc r ibed  u n d e r  Fig. I ,  e x c e p t  t h a t  no  p h en az in e  m e t h o ~ l l f a t e  w u  presen t ,  an d  
half  the  NaCI was  r ep laced  b y  KCI. V a l l n o m y c i n  to  a final c o n c e n t r a t i o n  o f  0 .5  I~M a n d  nigcr leln to  
0 .5  /~M were  a d d e d  i m m e d i a t e l y  a f t e r  the  fight ac t iva t ion  per iod .  T i m e  a f t e r  the  app l i ca t ion  o f  the  flash 
couple is indicated. 



453  

>- 
l-- 

i - -  
z 

0 
u. 

>. 

0 
o, 
-1- 
(J 

I I I 

[ - -  +C°~itgeC~icin I 

,~ 4, 
ATP Valir~omycin ATP 

I I 

I - -+%:~ i ° l °myc in  J 

,I. 
Nigericin 

I I I I I I I 
2 3 4 2 3 a, 5 

TIME (rain) 

Fig. 6. The  ef fect  o f  nigerlcin and va l inomyc in  on  the  ATP- induced  transmembrane  pH gradient and 
reverse e lectron f low.  Reac t ion  c o n d i t i o n s  as described under  Fig. 1, except  for the presence  of  1 gM 
phenaz ine  methosu l fa te ,  2 gM 9-aminoacr id ine ,  replacement  o f  half  the NaCI by  KCI, and measuring 
f luorescence as previously descr ibed [ 1 2 ] .  ATP, nigericin and  va l inomyc ln  were added,  where  indicated 
to  final c o n c e n t r a t i o n s - o f  0.1 mM, 0 .5  ~M and  0.5/~M, respect ively .  

increase in chlorophyll  fluorescence yield, which correlates with the ATP- 
induced luminescence {Fig. 2) was unaffected.  It was fully inhibited only when 
both  nigericin and valinomycin were present. The right side of  the figure 
illustrates that  valinomycin by  itself had small effects on the ATP-induced 
proton gradient formation and the ATP-induced reverse electron flow. 

The Mg2÷- ~ H ÷ exchange inducing ionophore A23187 [23],  behaved simi- 
larly to nigericin in all responses tested in Figs. 5 and 6 (not  shown). 

Discussion 

It was previously shown [13] that  ATP-induced luminescence is dependent  
upon preactivation of  the latent ATPase of  chloroplasts in a manner which 
maintains it in a well coupled state, and upon preillumination with at least one 
light flash shortly before ATP addition. These results were interpreted in view 
of the generally accepted working hypothesis  for chlorophyll  luminescence 
[2,3] which postulates it to result from a back reaction of  the primary stable 
charge separation products  of  the photoac t  in Photosystem II, Z ÷ and Q-. The 
function of  the flash was suggested to be product ion of  Z ÷, which decays with a 
half-life of  about  30 s under conditions where Q- decays much more rapidly, 
and the funct ion of  ATP was envisaged to produce Q- via the previously 
demonstrated [11] reverse electron flow reaction. 

Several observations reported in this manuscript  suggest that  this latter con- 
clusion must  be extended:  (a) The data of  Fig. 2, which demonstrates that  
ATP-induced luminescence occurs best under condit ions where the main phase 
of  ATP-induced Q reduction does not  occur. (b) The observation reported in 
Fig. 3 that  the ATP-induced luminescence is considerably larger than the 
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DCMU induced one, while both produce equal increments of  Q reduction [ 18]. 
(c) The fact that the initial increase in the ATP-induced luminescence is con- 
siderably faster than the ATP-induced development of  either the transmem- 
brahe pH gradient or the main phase of Q reduction {compare Figs. 1--6, and 
refs. 12, 13 and 18). 

It was previously suggested that part of the activation energy for the back 
reaction which produces the luminescence is provided by the creation of a trans- 
membrane electrochemical potential (see ref. 3 for review) and indeed the 
luminescence has been used to measure the electrochemical potential and the 
activation energy [24]. 

It seems reasonable to assume, therefore, that ATP stimulates luminescence 
not only by producing Q- via reverse electron flow, but in the early phases 
mostly by rapidly producing a transmembrane electrochemical potential which 
stimulates luminescence by lowering the activation energy needed for the back 
reaction. 

This interpretation would also be in accord with the data of  Figs. 5 and 6, 
where valinomycin by lowering the membrane potential and stimulating the 
transmembrane pH gradient (see Fig. 6 and ref. 25) has little effect on the ATP- 
induced luminescence; nigericin, which markedly lowers the pH gradient while 
stimulating the membrane potential (not shown, but see ref. 25) also had a 
marginal effect. However, the combination of both reagents in detrimental to 
the ATP-induced luminescence since in the presence of both neither compo- 
nent of  the transmembrane electrochemical gradient is maintained. 
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