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Summary 

I .  Quercetin, a flavonoid which acts as an energy transfer inhibitor in photo- 
phosphorylat ion is shown to inhibit the P-ATP exchange activity of  membrane- 
bound  CFI and the ATPase activity of  isolated CFI. Quercetin, affects also the 
proton uptake in chloroplasts in a manner similar to that  of  dicyclohexyl-  
carbodiimide. 

2. The light<lependent proton uptake in EDTA-treated chloroplasts is 
stimulated by  quercetin. In untreated chloroplasts quercetin has a dual effect: 
it enhances at pH above 7.5 while at lower pH values it decreases the extent  of  
H ÷ uptake.  Similar effects were obtained with dicyclohexylcarbodiimide.  

3. Like quercetin,  dicyclohexylcarbodiimide was also found to inhibit the 
ATPase activity of  isolated CF~. 

4. Quercetin inhibits uncoupled electron transport  induced by  either EDTA- 
t rea tment  of  chloroplasts or by  addition of  uncouplers.  Quercetin restores H ÷ 
uptake in both  types  of  uncoupled chloroplasts. 

5. The mode  of  action of  quercetin and dicyclohexylcarbodiimide in photo- 
phosphorylat ion is discussed, and interaction with both  CF~ and F0 is sug- 
gested. 
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sulfonic acid; DCIP, d ichlorophenol  indophenol ;  CCCP, carbonylcyanide  m-chlorophenylhydrazone.  
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Introduction 

The flavonoids are a group of metabolites which are widely distributed 
among plants but their metabolic role is not yet understood. Quercetin and 
other bioflavonoids have been reported to have toxic effects on enzymes 
involved in energy conservation [ 1--3 ]. In mitochondria quercetin was reported 
to inhibit the ATPase activity of the coupling factor (F1)without interfering 
with oxidative phosphorylation [4]. Inhibition of chloroplast coupling factor 
one (CFI) ATPase activity by quercetin was also reported [5] and the inhibitor 
binding sites were suggested to be located on the ~ or ~ subunits of CF~ [6]. 
Recently it was shown that quercetin acts as an energy transfer inhibitor of 
photophosphorylation in chloroplasts and that its effect is competitive with the 
substrate nucleotide, suggesting binding to the active site [7 ]. 

The energy-transducting ATPase complex is composed of an hydrophilic 
component, CF1, Containing the active site for ATP hydrolysis and synthesis 
and a number of more hydrophobic components (F0) involved in the binding 
of CF1 go the membrane and in the formation of a transmembrane proton gra- 
dient [8--10]. 

Energy transfer inhibitors can be classified on the basis of their inhibitory 
action. One type interacts directly with CF1 and inhibits the ATPase activity of 
the membrane-bound as well as of the isolated enzyme, e.g., Dio-9 and phlori- 
zin. The other type interacts apparently with components of F0 blocking 
proton translocation e.g. dicyclohexylcarbodiimide (DCCD) and triphenyl- 
stannic chloride [11--13]. 

In this communication we show that quercetin interacts with CF~ and with 
components of F0. It is suggested that both F0 and CF~ are involved in the pro- 
ton translocation through the thylakoid membranes. 

Materials and Methods 

Materials. Quercetin was purchased from Sigma Chemical Co and dissolved in 
dimethyl sulfoxide (Me2SO). DCCD was obtained from Aldrich and dissolved in 
absolute ethanol. The final concentrations of the solvents in the reaction mix- 
tures were between 0.2 and 1%, and at these concentrations no significant 
effect on the chloroplast activities was observed; [2,8-3H]ADP was purchased 
from New England Nuclear. Dithiothreitol, ATP, ADP, CCCP, Tricine, methyl 
viologen and dichlorophenol indophenol (DCIP) were obtained from Sigma 
Chemical Co. 

Chloroplast membranes were prepared from fresh market lettuce or from 
spinach leaves as previously described [14]. The effects of quercetin on proton 
uptake and electron transport were tested both with spinach and lettuce chlo- 
roplasts and similar results were obtained. Resolved particles were obtained by 
suspending the chloroplast pellets in a solution of 1 mM EDTA and 1 mM 
Tricine, pH 8.0, at a concentration of 0.2--0.5 mg chlorophyll/ml [15]. The 
pellets after centrifugation were resuspended in a solution containing: sucrose, 
0.4 M; NaC1, 10 mM and Tris, 50 mM (pH 8.0), to a final chlorophyll concen- 
tration of 1--2 mg/ml. 

CF1 Was isolated by the EDTA or chloroform treatment and purified as 
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described [16]. Ca2+-ATPase activity of the isolated proteins was determined as 
described [ 17 ]. 

Light-induced incorporation of adenine nucleotide into membrane-bound 
CFI [18], P-ATP exchange activity [19], ATP formation [14] and H ÷ uptake 
[20] were measured as described. 

Analytical methods. The content of [32p]ATP was determined by the isobu- 
tanol-benzene extraction method [ 14]. Inorganic phosphate was determined as 
described [21]. Protein concentration was determined according to the method 
of Lowry et al. [22], and chlorophyll according to the procedure of Arnon 
[23]. 

Results 

Energy transfer inhibition by quercetin 
The results described in Table I confirm that quercetin acts as a typical 

energy transfer inhibitor of photophosphorylation [7], and further demon- 
strate that the inhibition does not depend upon the part of the electron trans- 
port chain that supports phosphorylation. The formation of ATP coupled to 
electron transport through both Photosystem II and I (from water to methyl 
viologen) or through Photosystem I (from reduced dichlorophenol indophenol 
to methyl viologen or phenazine methosulfate mediated cyclic electron trans- 
port), were inhibited by quercetin. The inhibition of cyclic phosphorylation by 
quercetin was the same when the concentration of phenazine methosulfate was 
varied between 10--200 pM (not shown). The effect of quercetin on phosphor- 
ylation with the electron acceptors, ferricyanide and oxidized dichlorophenol 
indophenol, was not measured since these compounds react directly with quer- 
cetin. No light or dark preincubation of chloroplasts with the inhibitor was 
necessary for the inhibition to take place. 

In chloroplasts several compounds are known to inhibit both ATP formation 
and hydrolysis [11,13] while others affect only one of the two reactions 
[2,24,25]. Quercetin however was found to inhibit ATP formation (Table I), 

TABLE 1 

EFFECT OF QUERCETIN ON PHOTOPHOSPHORYLATION 

React ion  mixtures  for  p h o s p h o r y l a t i o n  assays conta ined  the following (in /~raol) in a final v o l u m e  of  
3 ral; Tricine, pH 8.0, 30; NaC1, 60: MgC12, 10, Pi (containing 32p, 2 • 106 cpra) 10, and ADP, 2. Where 
indicated the fo l l owing  c o m p o n e n t s  were  added: 0.2 /~mol me thy l  viologen (MV), 0.5 I~mol NaN 3, 10 
/~raol ascorbate,  pH 8.0, 0.2 ~raol  2,6-dichlorophenol indophenol  (DCIP), 4 /~M DCMU or 0.1 t~raol 
phenaz ine  methosu l fa t e  (PMS),  and chloroplasts  equivalent  to  47 ~g chlorophyll .  Chloroplasts were illu- 
ra inated for 1 rain at  20°C with white l ight  (160 000 lux).  Phosphoryla t ion rates axe given as ~raol ATP 
formed per rng c h l o r o p h y l l  per  h. 

Addi t ions  P h o s p h o r y l a t i o n  

H 2 0  -->MV Ascorbate  + DCIP DCMU MV Cyclic (PMS) 

N o n e  289 115 830 
Quercetin,  33/~M 83 58 206 
Quercet in ,  66/~M 55 37 19 
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and P-ATP exchange in chloroplasts (Fig. 1). The light-triggered P-ATP 
exchange reaction was inhibited to the same extent when quercetin was added 
either before or after the light activation stage, suggesting that it is the 
exchange activity rather than the light activation step which is sensitive to 
quercetin. Under the conditions described in Fig. 1, 50% inhibition was 
obtained by 12 pM quercetin. The light-triggered Mg2+-ATPase activity was 
equally sensitive to quercetin (not shown). Quercetin was reported to inhibit 
the ATPase activity of  the EDTA-released CF1 that is activated by heat or tryp- 
sin treatment [5]. We have checked the effect of  quercetin on the ATPase 
activity of  the 4 subunit CF1, lacking the 5 subunit [16,26]. In Fig. 2 the effect 
of  quercetin on the heat activated Ca2+-ATPase activity of the 5 and 4 subunit 
CF1 is given. With both enzymes a similar extent of inhibition was observed 
suggesting that the ~-subunit is probably not involved in the interaction of 
quercetin with CF1, in agreement with the results of  Deters et al. [5] who 
showed that quercetin inhibits the ATPase activity of a 2 subunit CF,. 

Restoration of proton uptake in EDTA-treated chloroplasts 
The results presented so far on the interaction of  quercetin with CF1 are in 

agreement with other reports [5--7,27]. However, when the effect of  quercetin 
on the light-induced proton uptake was studied, the following observations 
were made. It is known that treatment of  chloroplasts with EDTA inhibits the 
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Fig. 1. Inhib i t ion  o f  P-ATP e x c h a n g e  ac t iv i ty  b y  querce t in .  The  reac t ion  m i x t u r e s  c o n t a i n e d  the  f o l l o w -  
ing ( in /~mol)  in a f inal  v o l u m e  o f  1 m l  at  pH 8 .0 ;  Tric ine ,  20;  NaC1, 20;  d t th io thre i to l  (DTT), 10; Pi, 5 
( conta in ing  [ 3 2 p ]  2 • 1 0 6  c p m ) ;  p h e n az in e  m e t h o s u l f a t e  (PMS)  0 . 0 5 ,  and ch loroplas t s  equiva lent  to  4 7  
~g c h l o r o p h y l l ,  The  ch loroplas t s  w e r e  i l lu m in ate d  for  2 rain in the  presence  o f  querce t in  (o )  or w i t h o u t  
querce t in  w h i c h  w as  ad d e d  af ter  i l luminat ion  t o g e t h e r  with 3 ~mol  ATP (e). Contro l  ac t iv i ty  was:  29.7 
# m o l / m g  c h l o r o p h y l l  per  h.  

Fig.  2 .  E f f e c t  o f  querce t in  on  the  Ca2+-ATPase ac t iv i ty  o f  the  so luble  5 and 4 subuni t  CF 1 . 5 and 4 sub- 
uni t  CF 1 prepaxat ions  w e r e  o b t a i n e d  b y  E D T A  or CHCI 3 t r e a t m e n t  as descr ibed  [ 1 6 ] .  Ca2+-ATPase  act iv-  
i ty  was  d e t e r m i n e d  as descr ibed  under  Materials  and  M e t h o d s .  Heat -ac t ivated  CF 1 (25  ~tg pro te in )  was  
i n c u b a t e d  for  8 m i n  at  3 7 ° C  in 1 m l  o f  a so lu t ion  conta in ing  4 0  m M  Tric ine ,  pH 8 .0 ,  CaCI 2 and ATP,  
5 m M  each  and the  i n d i c a t e d  c o n c e n t r a t i o n  o f  querce t in .  Co ntro l  act iv i t ies  for  the  5 and 4 subuni t  CF 1 
w e r e ;  2 0 . 3  and  2 7 . 3 / ~ m o l  Pi r e l e a s e d / m g  prote in  per m in  ( e ) ,  (o ) ,  re spec t ive ly .  
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Fig .  3 .  R e s t o r a t i o n  o f  H + u p t a k e  in  E D T A - t r e a t e d  c h l o r o p l a s t s  b y  D C C D  a n d  q u e r c e t i n .  EDTA-treated  
c h l o r o p l a s t s  were prepared b y  s u s p e n d i n g  the  i so lated  chloroplast  membranes  in  I m M  E D T A ,  p H  8 .0  a t  a 
concent~ t t i on  o f  2 3 0  /~g c h l o r o p h y l l / m l  as d e s c r i b e d  in  Mate r i a l s  a n d  M e t h o d s .  R e a c t i o n  m i x t t t r e s  f o r  the 
l i g h t - i n d u c e d  p H  c h a n g e  c o n t a i n e d  in  a f i na l  v o l u m e  o f  2 m l ;  1 0 0  m M  NaCI,  20 /~M p h e n a z i n e  m e t h o s u l f a t e  
(PMS)  a n d  r e s o l v e d  pa r t i c l e s ,  4 6  # g  c h l o r o p h y l l ,  R e d  l i g h t  w a s  p r o v i d e d  b y  i l l u m i n a t i o n  w i t h  a 1 5 0 - W  
q u a r t z  i o d i n e  l a m p ,  t h r o u g h  a h e a t  f i l te r  a n d  a C o m i n g  f i l t e r  2 3 0 4 .  

net light<lependent proton uptake due to partial removal of CF, from the 
thylakoid membranes and the addition of DCCD, which is assumed to interact 
with the F0 component of the ATPase complex, restores the net proton uptake 
[8--13]. Fig. 3 shows that like DCCD, quercetin restored proton uptake of 
EDTA-treated thylakoids. Moreover, the restoration of H ÷ uptake by quercetin 
was obtained immediately after its addition while the effect of DCCD was 
much slower (see also Ref. 12). The effect of DCCD seems also to be light- 
dependent. Preincubation of the EDTA-treated thylakoids with DCCD for 
5 min in the dark did not change the kinetics of the proton uptake as observed 
during the first illumination period (not shown) while a subsequent illumina- 
tion period showed an enhanced rate of H ÷ uptake. The inhibitory effect of 
high concentrations of both quercetin and DCCD will be discussed later. 

The restoration of H ÷ uptake depended both upon the type of EDTA-treated 
thylakoids [15] and upon the quercetin concentration during the assay 
(Fig. 4). When the chlorophyl concentration was about 0.5 mg chlorophyll/ml, 
during the EDTA-treatment, the thylakoids retained more of their H ÷ uptake 
capability (about 50% in Fig. 4) and quercetin fully restored their activity. On 
the other hand, in chloroplasts which had lost about 85% or more of their H ÷ 
uptake (0.1 mg chlorophyl/ml during EDTA treatment) the restoration by 
quercetin was less effective. Similar results were obtained with DCCD (Fig. 5). 
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Fig .  4 .  Concentra t ion  dependence  o f  quercet in  ef fect  o n  c o n t r o l  and EDTA-treated  c h l o r o p l a s t s .  C o n d i -  
t i o n s  a n d  as says  were as described in Fig. 3 except  that the reso lved particles were obta ined  b y  E D T A  
treatment  at ch lorophy l l  concentrat ions  o f  5 0 0  o r  1 0 0 / ~ g / m l  (a)  r e fe r s  t o  h igh  a n d  (b)  t o  l o w  c h l o r o p h y l l  
concentrat ion ,  respect ive ly .  (o)  Untreated c h l o r o p l a s t s .  

Inhibition o f  I-I* uptake by quercetin and DCCD 
Besides the restorative effect of both quercetin and DCCD on proton uptake 

in EDTA-treated thylakoids, these compounds also inhibited H ÷ uptake when 
added at higher concentrations (Figs. 3--5). The inhibition of H ÷ uptake by 
quercetin and DCCD was also observed with coupled control chloroplasts, even 
at low concentrations of the inhibitor. The effectiveness of inhibition seems to 
correlate with the remaining amount of membrane-bound CF~. When less CF~ 
was left on the membrane (see (a) and (b) in Fig. 4) higher quercetin concentra- 
tions were required. Fifty percent inhibition was obtained by 40, 75 and 90 
#M quercetin for control, and EDTA-treated thylakoids (a and b) respectively. 
It is unlikely that the inhibition of proton uptake in control chloroplasts is due 
to uncoupling since both DCCD and quercetin do not stimulate but rather 
slow down the efflux of protons after illumination. 

When the inhibition of H ÷ uptake by quercetin was checked as a function of 
the pH of the medium (Fig. 6), the strong inhibition observed at pH 6.5 
decreased with the increase of the external pH. At pH 7.8--8.0 the extent of 
H÷-uptake in the presence of quercetin was even stimulated by about 30%. 
Addition of quercetin had no effect on the buffer capacity of the reaction mix- 
ture at pH 6.5, but as the pH was increased above 7.0 its buffering capacity 
increased and was taken into account. 

The results shown in Fig. 6 suggest that the inhibitory effect of high con- 
centration of quercetin is restricted to pH values lower than 7.5. We thus 
repeated the restoration of H÷-uptake with EDTA-treated thylakoids at pH 7.7. 
Fig. 7 clearly demonstrates that at this pH, quercetin does not inhibit the pro- 
ton uptake. 40 /~M quercetin fully restored the proton uptake activity of 
uncoupled, CFl~leficient thylakoids. As the concentration of quercetin was 
increased, further stimulation of the extent of H÷-uptake in both EDTA-treated 
and control Chloroplasts was obtained. The stimulations of proton uptake by 
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Fig. 5. C o n c e n t r a t i o n  d e p e n d e n c e  of  DCCD ef fec t  on  c on t ro l  a n d  E D T A - t r e a t e d  ch loroplas t s .  Condi t ions  
were  as in Fig. 4 e x c e p t  t h a t  the  values  fo r  H + u p t a k e  were  ca lcu la ted  for  the  s econd  i l lumina t ion ,  w h e r e  
t he  e f f e c t  of  DCCD was  m a x i m a l .  The  % of con t ro l  ac t iv i ty  was  re la ted  to  the  ac t iv i ty  of  u n t r e a t e d  chlo-  
roplas ts  in the  p resence  of  equa l  v o l u m e s  of  e t ha no l  as in samples  wi th  DCCD. (e ) ,  (o)  are  for  u n t r e a t e d  
and  E D T A - t r e a t e d  ch loroplas t s ,  r e spec t ive ly .  

Fig. 6. D e p e n d e n c e  of  the  inh ib i t ion  of  H + u p t a k e  b y  que rce t in  on  pH.  H ÷ u p t a k e  was m e a s u r e d  as in 
Fig. 3, e x c e p t  t h a t  the  ch lorop las t s  ( con ta in ing  30/~g c h l o r o p h y l l )  were  i l l u min a t ed  wi th  wh i t e  l ight  f~om 
a h e a t  f i l te red  300-W t u n g s t e n  l a m p .  O the r  cond i t ions  were  as desc r ibed  [ 2 0 ] .  

quercetin at high pH and the inhibition at low pH were also observed with 
methyl  viologen, as the electron carrier, only in this case the extent  of  H ÷ up- 
take was smaller than that observed with phenazine methosulfate.  

The effect o f  quercetin on electron transport 
In view of the results presented above the effect of quercetin on electron 

transport was reinvestigated under conditions where it affected proton uptake, 
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Fig. 7. Quareet~n s t i m u l a t i o n  o f  H + u p t a k e  b y  c o n t r o l  a n d  E D T A - t r e a t e d  ch lo rop las t s  a t  p H  7.7. Condi-  
t ions  were  as desc r ibed  in  Fig. 6. E D T A - t r e a t e d  ch lorop las t s  we re  o b t a i n e d  as desc r ibed  in Mater ia ls  an d  
Me thods  a n d  t he  ch l o rophy l l  c o n c e n t r a t i o n  dur ing  the  E D T A  t r e a t m e n t  was  500  # g / m l .  (o),  (e) :  are  for  
u n t r e a t e d  a n d  E D T A - t r e a t e d  ch loroplas t s ,  r e spec t ive ly .  
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namely, at two different external pH values with coupled and uncoupled 
chloroplasts. Fig. 8A shows the effect of quercetin on basal electron flow in 
control and EDTA-treated chloroplasts at pH 6.9 and 7.9. While the control 
rates were hardly affected (besides some stimulation at pH 7.9 by concentra- 
tions lower than 40/~M), the uncoupled rates were inhibited by quercetin. 

It is possible that  "the apparent recoupling of electron transport in EDTA- 
treated chloroplasts is due to the interaction of quercetin with components of 
the ATPase complex, otherwise unaccessible to quercetin. However, a similar 
inhibition of electron transport by quercetin was observed if uncoupling occur- 
red by the addition of an uncoupler. The rate of NH4Cl-uncoupled electron 
transport was even slightly stimulated by quercetin at concentrations lower 
than 40 #M and markedly inhibited by higher concentrations (Fig. 8B). 

Effect o f  quercetin on I-I* uptake in the presence of  uncouplers 
The similar sensitivity of electron transport to quercetin in different types 

of uncoupled chloroplasts might be correlated with the effect of quercetin on 
proton permeability. 

The effect of quercetin on the extent of proton uptake was measured in the 
presence of several uncouplers and the results are summarized in Table II. At 
pH 6.5 both quercetin and the uncoppler CCCP, alone or together, inhibited 
net H ÷ uptake (Table II, Expt. 1). At pH 7.8 quercetin alone had no inhibitory 
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Fig. 8. E f f e c t  o f  querc e t in  on  u n c o u p l e d  e l e c t r o n  t r a n s p o r t .  E D T A - t r e a t e d  ch loroplas t s  w e r e  ob ta ined  as 
in Fig. 3 e x c e p t  t h a t  th e  c h l o r o p h y l l  c o n c e n t r a t i o n  dur ing  E D T A  t r e a t m e n t  was  266  ~g/ml .  R e a c t i o n  con-  
d i t ions  were  as deer ibed in Table  II  e x c e p t  for  th e  subs t i tu t ion  o f  Tric ine  b y  Mes w h e n  the  reac t ion  was 
m e a s u r e d  a t  p H  6 .9 .  NH4CI c o n c e n t r a t i o n  was  3.3 raM, 
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effect (see also Fig. 7). While in the presence of  CCCP quercetin stimulated the 
extent of  H ÷ uptake markedly. The order of addition of  the two compounds or 
the prior incubation of  the chloroplasts with quercetin had no effect on the 
final result. Quercetin also stimulated the NH4C1 or gramicidin-inhibited proton 
uptake (Table II). The restoration of  the proton impermeability by quercetin 
in uncoupled thylakoids was dependent on the uncoupler concentration. At 
higher uncoupler concentration the leak in proton permeability was not 
repaired by quercetin addition. 

Effect of  quercetin and DCCD on nucleotide exchange 
Illumination of  chloroplasts is known to induce the exchange of bound and 

free nucleotides. This light<lependent exchange was reported to be sensitive 
to DCCD and triphenyltin chloride but not to Dio-9 or phlorizin [28]. Table 
III shows that quercetin inhibited the nucleotide exchange as well. Further- 
more, while the effect of  DCCD required a rather long preincubation, maximal 
inhibition by quercetin was obtained a few seconds after its addition. 

Interaction of  quercetin and DCCD with soluble CF~ 
In view of  the similar effects of DCCD and quercetin in thylakoid mem- 

branes, we decided to reexamine the DCCD effect on the soluble enzyme since 
quercetin inhibited the Ca2+~lependent ATPase. Indeed, under certain condi- 
tions the inhibition of  the ATPase activity by DCCD could be demonstrated 
(Table IV; Shoshan, V. and Selman, B.R., unpublished results). These condi- 
tions included prior incubation of  the activated CF~ Or DCCD at 37°C for 30 
min at pH 7 or lower. Table IV shows that when the activated CF~ was not 
incubated with the inhibitor before the ATPase assay, quercetin inhibited while 
DCCD hardly affected the reaction (column a). When the activated enzyme was 

T A B L E  II 

EFFECT OF Q U E R C E T I N  O N  U N C O U P L E D  H + U P T A K E  

React ion  mixtures  contained in  a vo lume  of  2 m l :  1 0 0  m M  NaCI ,  2 0 / ~ M  PMS and chloroplasts containing 
3 6  /~g chlorophyl l .  Each sample contained also 0 . 1 5 %  M e 2 S O .  Concentrat ions  of  quercetin,  CCCP, N H 4 C I  
and gramicidin were 0 . 1 3  m M ,  5 /~M,  0 . 6 7  raM and 0 .5 /~M,  respectively.  

Addit ions  p H  6 . 5  p H  7 .8  

/~equiv. H+/mg Chl % /~equiv. H + / m g  Ch l  % 

E x p .  I 
N o n e  0 . 4 6 2  
Quercet in 0 . 1 9 3  
CCCP 0 . 1 1 3  
Quercetin + CCCP 0 . 0 6 3  
N H 4 C l  
Quercetin ÷ N H 4 C I  

E x p .  II 
None  
Q u e r e e t i n  
Gremicidin 
Q u e r c e t i n  + gramicidin 

1 0 0  0 . 1 7 8  1 0 0  
4 2  0 . 1 9 6  ~ 1 0  
2 4  0 . 0 3 1  ;17 
1 4  0 . 1 8 2  1 0 2  
- -  0 . 0 3 7  21 
- -  0 . 3 5 5  1 9 9  

0 . 1 1 9  1 0 0  
0 . 1 9 0  1 6 0  
0 . 0 4 0  3 4  
0 . 1 3 1  1 1 0  
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TABLE III 

I N F L U E N C E  O F  Q U E R C E T I N  A N n  D C C D  O N  E N E R G Y - D E P E N D E N T  A D E N I N E  N U C L E O T I D E  EX-  
C H A N G E  

N u c l e o t i d e  b i n d i n g  t o  t h y l a k o i d  m e m b r a n e s  w a s  a s s a y e d  a t  2 2 ° C  as  d e s c r i b e d  [ 1 8 ] .  C h l o r o p l a s t s  w e r e  
w a s h e d  t h r e e  t i m e s  i n  a m e d i u m  w h i c h  c o n t a i n e d :  5 0  m M  NaCI a n d  2 m M  T r i e i n e - N a O H  ( p H  8 .0 )  a n d  
t h e n  r e s u s p e n d e d  in  a s o l u t i o n  o f  5 0  m M  NaCI;  2 0  m M  Tr ic ine  ( p H  8) a n d  1 m M  MgCI 2 .  R e a c t i o n  m i x -  
t u r e s  c o n t a i n e d  in  a t o t a l  v o l u m e  o f  0 . 5  m l ;  2 5  m M ,  Tr i c ine  ( p H  8 . 0 ) ;  5 0  r aM,  NaCI;  5 r aM,  MgCI2 ; 20 /~M 
p h e n a z i n e  m e t h o s u l f a t e ;  1 0 / ~ M ,  [ 3 H ] A D P  ( c o n t a i n i n g  3 • 105  c p m / n n a o l )  a n d  c h l o r o p l a s t  e q u i v a l e n t  t o  
0 . 2  m g  o f  c h l o r o p h y l i / m l .  R e a c t i o n  m i x t u r e s  we re  s t i r r ed  f o r  1 0  s t h e n  i l l u m i n a t e d  w i t h  w h i t e  l i gh t  
3 • 105  erg  • c m  -2 • s - I  f o r  3 0  s. The  l i g h t - i n d u c e d  n u e l e o t i d e  e x c h a n g e  w a s  q u e n c h e d  b y  t h e  a d d i t i o n  o f  
0 . 2  m l  o f  a s o l u t i o n  c o n t a i n i n g  5 0 / J M  CCCP a n d  2 0  m M  A D P  a t  p H  8 .0 .  The  [ 3 H ] A D P  c o n t e n t  o f  t h e  
c h l o r o p l a s t  m e m b r a n e s  w a s  d e t e r m i n e d  as  d e s c r i b e d  [ 2 9 ] .  (a)  a n d  (b)  a re  fo r  c h l o r o p l a s t s  p r e i n c u b a t e d  
w i t h  t h e  i n h i b l t o r s  a t  r o o m  t e m p e r a t u r e  f o r  1 0  s a n d  2 0  m i n ,  r e spec t i ve ly .  D a r k  c o n t r o l  ( w i t h o u t  i l lumi-  
n a t i o n )  w a s  0 . 0 5 6  n m o l / m g  c h l o r o p h y l l .  

I n h i b i t o r  /~mol [ 3 H ] A D P  b o u n d / n a g  Chl  

a b 

N o n e  0 . 3 8 1  0 . 2 0 1  
D C C D ,  2 m M  0 . 3 3 0  0 . 1 1 5  
Q u e r c e t i n ,  1 rnM 0 . 0 8 5  0 . 0 9 3  

incubated with DCCD, the ATPase activity was inhibited even when DCCD was 
omitted from the final assay medium (column b). In contrast, when quercetin 
was omitted from the assay medium, no inhibition was obtained. These results 
suggest that DCCD binds covalently while quercetin does not. Also, the addi- 
tion of  DCCD did not affect quercetin inhibition and the addition of quercetin 
did not affect DCCD inhibition, which suggests that DCCD and quercetin may 
not interact with the same sites. 

T A B L E  IV 

I N A C T I V A T I O N  O F  C F  1 A T P a s e  BY Q U E R C E T I N  A N D  D C C D  

C h l o r o f o r m  r e l e a s e d  C F  1 w a s  h e a t  a c t i v a t e d  as  i n d i c a t e d  (Fig .  2) .  T h e n  t h e  p H  w a s  a d j u s t e d  t o  7 .0  b y  1 0 0  
m M  Mops ,  a n d  D C C D  a n d / o r  q u e r c e t i n  w e r e  a d d e d  t o  give t h e  c o n c e n t r a t i o n s  i n d i c a t e d  in  p a r e n t h e s e s .  
P r o t e i n  c o n c e n t r a t i o n  a t  t h i s  s t age  w a s  1 .3  nag /ml .  T h e  m i x t u r e s  w e r e  t h e n  i n c u b a t e d  f o r  3 0  nain a t  3 7 ° C .  
A l i q u o t s  o f  5/~1 w e r e  a s s a y e d  f o r  A T P a s e  a c t i v i t y  e i t h e r  b e f o r e  (a)  o r  a f t e r  (b)  t he  i n c u b a t i o n .  In  (a)  b u t  
n o t  in  (b)  t h e  i n h i b i t o r s  we re  a lso  a d d e d  t o  t h e  a s say  m e d i u m .  

I n h i b i t o r  
O~M) 

A T P a s e  a c t i v i t y  
( ~ m o l  Pi  r e l eased /nag  p r o t e i n / r a i n )  

a b 

None 15.3 14.5 
DCCD (40) 14.7 5.8 
DCCD (160) 13.7 2.0 
Quercetln (50) 10.3 14.3 
Quercetin (200) 1.1 13.9 
DCCD (160) + Quereetin (50) 10.1 1.7 
DCCD (160) + Quercetin (200) 1.3 1.3 
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Discussion 

The interaction of quercetin with the A TPase complex 
The experiments reported above illustrate some new aspects of the interac- 

tion of quercetin with the energy conservation system in chloroplasts. As 
reported by others [7 ] we find that  quercetin is an effective inhibitor of photo- 
phosphorylation (Table I), as well as P-ATP exchange activities in chloroplasts 
(Fig. 1). Quercetin inhibits also the ATPase activity of soluble CFI (Fig. 2). 
These results are compatible with the suggestion that quercetin is an energy 
transfer inhibitor which, like Dio-9 or phlorizin, exerts its effect through interac- 
tion with C F1 [9,10,11]. However, further investigations lead to the conclusion 
that  the interaction of quercetin with the chloroplast membranes is not  limited 
to CF1 0nly. Like DCCD and tributylstannic chloride, quercetin restored H ÷- 
uptake activity in EDTA-treated chloroplasts (Figs. 4 and 5). Moreover, the 
interaction of quercetin with these membranes was much faster than that of 
DCCD and did not  require preillumination (Fig. 3). Treatment of chloroplasts 
with EDTA is known to release CF~ from the membranes with the possible 
exposure of components  of F0, resulting in an increased leak of protons out  of 
the thylakoids. The addition of compounds like DCCD and triphenylstannic 
chloride is assumed to block the flow of protons outwards restoring the proton 
uptake. As shown here, quercetin acts similarly and might therefore interact 
with a component  of F0. Another reaction reported to be sensitive to inhibitors 
like DCCD but  not  to Dio-9, is the light<lependent nucleotide exchange, also 
sensitive to quercetin (Table III). Since both quercetin and DCCD also 
inhibited the CF~-ATPase activity (Table IV), we suggests that  these inhibitors 
interact both with CF~ and F0. The inhibition of mitochondrial F~-ATPase 
by DCCD was recently reported [29]. DCCD and quercetin differ in their mode 
of interaction with the membrane-bound and the isolated CF1 protein. While 
the effect of quercetin is immediate upon its addition, maximal expression of 
the effect of DCCD required preillumination or rather long preincubation. 
DCCD has been suggested to bind covalently to carboxyl groups of F0 and F~ 
[29], while quercetin has been assumed to interact with sulfhydryl and amino 
groups of the protein [1]. However, quercetin was found to bind rapidly to 
isolated CFI [6] and to the membrane-bound enzyme (Fig. 1), even in the 
presence of dithiothreitol,  which suggests that  it might not  interact with sulf- 
hydryl groups. Moreover, since the inhibition can be reversed by washing the 
membranes, it appears not  to bind covalently to functional groups on the pro- 
tein. Interaction of inhibitors, substrates and chemical modifiers with CF~ or 
its subunits was shown to affect the proton permeability of the membrane. 
Known energy transfer inhibitors such as Dio-9 and phlorizin interact with CF~ 
and stimulate the H÷-uptake [30]. Chemical modification of the 7-subunitslof 
CF~ by bifunctional maleimides results in an increased proton permeability and 
uncoupling [ 31]. The three smaller subunits of TF, ,  7, 8 and e, from a thermo- 
philic bacterium, were required to restore the proton impermeability of F0 con- 
taining liposomes [32]. Interaction of CF~ With nucleotides affected also the 
proton permeability of thylakoid membranes [30]. Our results show that quer- 
cetin interacts with both CF1 and F0 and thereby affects the H ÷ permeability of 
the membranes. 
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pH dependence of quercetin interaction with the A TPase complex 
The effect of quercetin on proton uptake was found to be both concentra- 

tion and pH dependent.  In untreated chloroplasts quercetin inhibited at pH 
values lower than 7.5 while it stimulated at higher pH (Figs. 6 and 7). In 
uncoupled chloroplasts quercetin restored the proton uptake at low concentra- 
tion while higher concentrations were inhibitory (Fig. 4). However, at pH 7.5 
and above, no inhibition was observed and all concentrations of quercetin 
tested stimulated the net proton uptake capacity (Fig. 7). The inhibition of 
H÷-uptake by DCCD at low pH and the stimulation at high pH was reported 
[12]. The mode of  inhibition at low pH is not  clear but it does not  seem to be 
caused by an increased proton permeability of the membrane since addition of 
quercetin slowed down the dark efflux of protons and did not  stimulate the 
rate of  electron transport at these low pH values (Fig. 8). The enhancement of 
proton uptake by quercetin at the higher pH range could be due to the block- 
ing of a specific leak (i.e. through the ATPase complex) that  occurs in isolated 
chloroplasts. 

Effect of quercetin in the presence of uncouplers 
Most uncouplers are thought  to act through ion diffusion, increasing the 

membrane permeability to protons. It is also assumed that most uncouplers do 
not  interact directly with membrane proteins involved in the transport of pro- 
tons. However, quercetin was found to inhibit equally well the electron trans- 
port  in chloroplasts uncoupled by physical removal of CF~ or t h a t  induced 
'non-specifically' by an uncoupling agent (Fig. 8). Moreover, quercetin restored 
the H ÷ uptake in chloroplasts uncoupled by addition of different uncouplers 
(Table II). The fact that  quercetin affects the membrane permeability immate- 
rial of the way uncoupling was achieved suggests that the leak of protons 
through the ATPase complex is blocked in its presence. Uncouplers may 
increase preferentially the specific proton leak through the ATPase complex at 
low uncoupler concentration, while at higher concentrations the additional 
'non,specific' leakage becomes predominant.  The blocking effect of the specific 
proton leaks by quercetin is more effective at low uncoupler concentration. If 
uncouplers were to react with specific proteins in the membrane and enhance 
the proton permeability due to this type of interaction, then quercetin might 
be assumed to interact with these membrane components  and thus prevent the 
uncoupler induced permeability change. 

High affinity binding sites for uncoulers were recently suggested in mito- 
chondria. Using photoaffinity labeling techniques, the interaction of uncou- 
plers with a few membrane-bound proteins including the ~ subunit of F~ and 
F0 proteolipid was reported [33,34]. 
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