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Proton flow through the ATP synthase in chloroplasts regulates the 
distribution of light energy between PS I and PS II 

Gur Braun. Yoav  Evron, Shmuel Malkin and Mordhay Avron 

D,.part.t¢.t af Biochemi.~tO'. W c i : m . , .  bt~tiluw of  S¢t¢.r¢. t~¢havat 7~ I00. Israel 

Received 17 N o v e m b e r  1990: r~vised v~r~ion received 22 December  1990 

The involvcn~cnt of ATP ~yatha~ in tl~e imbalance b~tw¢~n Ihe photoactivitf~ of P S I  and P5 Ii under hght.lin~ilintl conditions, was e~amined 
~n broken Ictl uee chlorapla~t~ u~inil modulated fluorimetry, Th~ imbalance, h~ f~vor of PS I1. wa~ minirnal and rougltly constant belween phi 6,$:~7.3 
{ratio of PS Ii/PS I activities about I,II, ~tnd maximal at pli &.~ {ratio of PS ilIPS I activitie~ about 1.41, This increase was stronllly inhibited 
by a treatment of the cbloru plasts with tl~e CF.  ATP synthase inl,ibitor DCCD, but onafl'ected by th~ CFI ATPas~ inhibitor, tentoxin. However, 
tcntoxin plus ADP.P, did inhibit the high pH.induced i n c r c ~ d  imbalance, These results, when considered with th~ previous results on the efl'¢ci 
ol" high pl~t on proton flux through the ATP synthasc, sagllcst that the rate o[' such proton flow controls the imbalar~cQ b~tween the two pholo. 
sy~tem~, It is possible that ther,' is an in vlvo fine.tuning regulatin 8 m~chani~m of the pho|osystcms imbalance via the opening and closing of proton 

gradient dissipation through the ATP syn~hasc, This n~¢chaaism may help alleviate photoinhibitory damage, 

Photo~ystem I; Photosystem II: ATP synllla, s¢; Proton flow: Light excit,ttion imbalance; Chlorophyll fluorescence 

1. INTRODUCTION 

The distribution of light excitation between 
photosystem I (PS 1)and photosystem II (PS II) of oxy. 
genie photosynthesis under light-limiting conditions is 
regulated by a variety of factors (e.g, light intensity, 
wavelength, ionic strength), The in viva state 1 to state 
2 transitions is one example of changes in the light 
distribution which probably involves the redistribution 
of pigment-protein complexes between PS II and PSI  
[1-5]. In vitro, tltere is a marked imbalance in favor of 
PS II in the photoactivities of PS II and PS I provided 
the tIwlakoids are suspended in a medium containing a 
high level of cations [5,6]. 

Increasing external pH from 7 to 8.5 was previously 
shown [6] to increase the imbalance in favor of PS II 
under light-limiting conditions. A similar pattern of pH 
dependence was previously observed by Avron [7] for 
the steady-state rate of electron transport. In a recent 
study, Evron and Avron [8] have shown that the 
medium pH-dependent increase m the rate of electron 
transport was due to an induced leak of protons 
through the ATP synthase at the higher pH values. This 
increased proton efflux was strongly inhibited by 
DCCD, ATP or ADP and P~ under non- 
phosphorylating conditions. The aim of the present 
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work was to examine whether the increased leakiness of 
tl~e ATP synthase to protons at the higher pH values 
may be the cause of the increased imbalance under the 
same conditions, The evidence suggests an intimate in- 
volvement of proton flux through the ATP synthase in 
regulating the photosystems' imbalance. 

2. MATERIALS AND METHODS 

2, I, C/I/oroplasts preparation 
Broken chloroplasts from market lettuce were prepared and stored 

in liquid nitrogen in a concentration of about 3 mg/ml, as previously 
described [9]. The storage buffer contained 0.3 M sorbitol, 20 mM 
HEPES, 10 mM NaCl, 5 mM MgCI= and 30°/'0 (v/v) ethyleneglycol, 
I~H 7,3, Total chlorophyl| concentration was determined according to 
[lO], 

2,2, DCCD treatment an~l reaction tnixtures 
Chloroplasts (containing 0,5 mg/ml chlorophyll) were prein. 

cubated for 30 rnin in ice and in the dark, in a reaction mixture con. 
taining l0 mM HEPES and 10 mM MOPS adjusted to pH 8,0 with 
NaOH, 10 mM MgCh, 10 tam NaCI, 200 t~M methylviolog~n (MeV) 
and 200 .aM DCCD in ethanol. Control chloroplasts were pre- 
incubated in the absence of DCCD and with ethanol, Final ethanol 
concentration during the pre-incubation did not exceed 2~0, 

For fluorescence measurements, chloroplasts were dilated 50-fold 
in a 2-ml cuvette, so that the concentration of chlorophyll did not ex- 
ceed 10 ~g/ml The standard reaction mixture contained 10 mM 
HEPES and 10 mM MOPS adjusted to the desired pH between 6.5 
and 9, I0 mM NaCI, I0 mM MgCI2 and 200 ~M MeV, Wlxere in- 
dicated, 2 mM Pi, 0.1 mM ADP or 1 .aM Tentoxin [TTX) were added, 

2.3, Chlorophyll-a fluorescence rneasuretnents 
Modulated chtorophyll-a fluorescence was measured by a home- 

built fluorimeter [6]. The e~citing modulated light was of short 
wavelength obtained with a narrow band (10 nm interference filter, 
peak at 480 am) with max, intensity of approximately 3.5 
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Excitation under UghNmi~ln~ cundilionx with the weak medulalctl 
JR0 nm liphI rcsuhcd In n rkwly~nIatr fluefaecncc nijjnnl, I% 
Supefiil~yOShg Rstinie pholosynrhctieally aa~ufatinp light on IhS 
measuring medulaled beam ylcldcd a J~ru~~~etmfy maximal rniurrlcrl 
modulated fluorcsecncc signal, &, which was also ehcckcd arrn~ 
aioirnlly for IIQ further inrrcesc by ihe inlroduaion or IXMlJ. 
Superimposing the 720 nm K&t lowcrr fluorcxccnce momemnrily IB 
a minimum fluorcsccnce Icvcl, taken to rcprcscnt IIN parameter F, 
(I I J, Further derails arc given in (61, 

The ratio of Ihc light activity distribution coefficients of PS II and 
PS 1 (~3 and n resp.) arc r&ted TV the chlorophyll fluorescence 
pammctcf5, as 

The distribution of phatoactivity bctwccn the IWO photosystems is 
expressed in terms of (p/u) - L, i,c, the relative deviation from full 
balance between the two photosystcms. In this case no assumption 
with rcspcct IO a possible waste of light energy is made (cog. nssuming 
that a + 6 = I [6,ll). 

(a) 

Fig, 1 describes a typirrtl time course of the 
mcldulatcd fluareaieenoc siynal in chlortrplctrtn treated 
with BCCB (a xpceific inhibitor of proton flaw thraugh 
the ATP synthase, see alffn [a])* and in eontrel 
chlor9lplaxts at pEf 8.5. The imbnlanee wax twice ab high 
in the untreated than that in the DCCD~tre~ted 
chlareplasts, indienting a higher photoactivity distribus 
lion in favor of PS Ill in the untreated chlaraplaats at 
pH 8.5. This effect was mostly pronounced at relatively 
high intensity modulated 480 nm incident light 
(although still in the light limiting range, (i.e. 2-3 
nE ’ Gill * 4 ’ s = ‘1. The sine effect wtts obtained when 
either freshly isolated or frozen chloroplaxts were used, 

Evidently, the light-induced trnnaicnt in k$ was 
‘:cper in the presence of DCCD than in it’s absence, 

The depth of the transient in the presence of DCCD 
seems similar to that obtained at pH of around 7 in the 
absence of DCCD [6]. Accordingly, the imbalance was 
pH-dependent in untreated ehloroplasts [6] with the im- 
balance term, @/ar - 1, increasing from pH 6.5 to pH 
9 with a maximum at pH 8,5 (Fio. 2). However, in R 
similar fashion to the bchaviour of electron transport 

r81 I changing the pH with the DCCD-treated 
chloroplasts had no effect on the imbalance, so that the 
imbalance remained relatively low throughout the en- 
tire pH range studied. Thus, DCCD had a strong effect 
on the imbalance at pH around 8,5, but essentially very 
little effect around pH 7.3. 

As can be seen in Fig. 3, adding tentoxin (a 
phosphorylation inhibitor which binds to the Cl?, part 

(b) 

pn 8.5 
+DCCD 

Fig, I. Modulated 680 nm fluorescence in the absence and presence of DCCD at pH 8.5. Chloroplasts (0.5 chlorophyll mg/tnl) were incubated 
for 30 min in ice and in the dark in the absence (a) or presence (b) of 200 PM DCCD. The incubation buffer contained 10 mM HEPES, 10 mM 
MOPS adjusted to pH 8.0 with NaOH, IO mM MgCl2, 10 mM NaCl and ZOO PM MeV. For fluorescence measurements, the chloroplasts were 
suspended at pH 8.5 in a reaction buffer containing 10 mM HEPES, 10 mM MOPS, 10 mM N&I, 10 mM MgClz and 200 1M MeV. Fluorescence 
parameters Fo, F, and Fm were measured as described in section 2 with ;I 480 nm modulated light (approx. 2.2 nE * cm z a * s _ ’ j, saturating non- 
modulated broad-band blue light (approx. 120 nE . cmm2 * s- ‘) and saturating 720 non-modulated light (approx. 30 nE - cm- 2 * s” I). The upward 
open arrows denote the turn-on of the saturating light to obtain Fm. The upward closed arrows denote the turn-on of the far-red light to obtain 
Is,. Closed downward arrows denote the turn-off of either the saturating blue or far-red lights. The wavy arrow denotes the turn-on of the 

modulated light. Other details are as described in section 2. 
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Fig. 2. The effect of  DCCD and phosphorylating conditions on the 
pH-dependance of  the deviation from full balance, O/et - i .  
Chloroplasts were pre-incubated in the absence (control  open circles) 
or in the presence (dosed drdes) of DCCD. In order to examine the 
effect of  phosphorylating conditions, ADP (0,1 raM) and Pi (2 raM) 
were included in the reaction buffer (dosed Ixi~n ,ol~s). F I u o ~  
parameters Fo, F, and F= were measured at  the different pH values as 
described in section 2. The imbalance term, B / a  - ! was calculated 

from the fluorescence parameters as described in section 2. 
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p~esc-~e of  ADP and Pi but  in the absence of  tentoxin was also per- 
formed (open circles). Fluorescence parameters Fo, F, and F= were 
measured at different pH values as described in section 2. The im- 
balance term, /3/a - i was calculated from the fluorescence 

parameters. Other details are as described in section 2. 

of the ATP synthase), instead of  DCCD, did not affect 
the pH dependence of the imbalance. However, the 
combination of  Tentoxin with ADP and Pi affected the 
imbalance in a manner resembling the DCCD effect. 
Adding ADP and Pi in the absence of  an inhibitor, 
caused an increase in the imbalance (and 
phosphorylating proton efflux through the ATP syn- 
thase) which was mostly pronounced at pH range bet- 
ween 7 and 8 (Fig. 2). These results are in perfect agree- 
ment with the results observed with the same reagents 
on the pH dependence of electron transport [8]. 

4. DISCUSSIOn' 

The results presented above suggest that proton flow 
through the ATP synthase can affect the distribution of  
photoactivity between PSI  and PS lI. This relationship 
is of  particular interest since the ATP synthase is believ- 
ed to be located mostly in the grana edges and in the 
stroma lamellae with no direct contact to PS II which is 
believed to be located within the grana [12,13]. In a 
previous study [6] it was concluded that the imbalance 
is not affected directly by the bulk ApH. The results 
presented here support this suggestion since the marked 
decrease in the imbalance due to the inhibition of pro- 
ton flux through the ATP synthase (i.e. by DCCD treat- 
ment) is accompanied by only slight changes in ApH 
(around a 0.1 pH unit, not shown). 

The results presented in this article are strikingly 
similar to the results of Evron and Avron [8] in which 
they showed that high external pH induces proton ef- 
flux through the ATP synthase which results in an in- 
creased rate of electron transport. It was suggested [8] 

that this pH-induced proton leak and its closure by the 
phosphorylating agents may serve as a regulatory valve, 
efiminating potential damage from an excessive ApH 
and permitting electron flow to proceed under condi- 
tions where coupled phosphorylation is blocked. 

The results presented here suggest an additional 
regulatory role to the high pH-induced proton leak 
through the ATP synthase. When inorganic phosphate 
availabifity is limiting ATP synthesis, the proton leak 
through the ATP synthase will be activated by an 
unknown mechanism, resulting in a shift of  photoac- 
tivity in favor of  PS II. Under these conditions also COz 
reduction is impaired and the red,cing entities formed 
in P S I  react with oxygen to form deleterious free ox- 
ygen radicals [14,1';], thus the shift in favor of PS II 
reduces the potential photo damage due to less light 
reaching PS I. All the experiments in this study were 
performed using low light intensities in the light- 
limiting range. With saturating light intensities, the ef- 
fect of  the proton leakage through the ATP synthase on 
the maximum rate of  electron transport may be even 
more dramatic than that observed here on the 
photosystems imbalance [7,8]. Unfortunately the 
photosystems imbalance cannot be measured under 
saturating light because of experimental limitations. 
The mechanism by which proton flux through the ATP 
synthase affects the imbalance is still unclear. 
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