
t .' 

E L S E V I E R  Blochimica et Biophysica Acta 1185 (1994) 279-??~ 

H 

BB 

Inhibitions of Photosystem II activity by proton gradient 

Alexander M. Ehrenheirn, Giovanni Finazzi, Giorgio Forti * 

Centro di studio CNR sulla Biologia Molecolare e Cellulare ddle Piante, Diparmnento di Biologia, Unirerr4t~ degli studi di Milono. 
Via Celotia 26, Milano, Italy 

(Received 13 May 1993) 

Abstract 

Nigericin stimulates PS !I turnover in thylakoids at low but not at high light intensity in a low-frequency regime (6 l-lz) at pH 
8. When the external pH is decreased, stimulation by the uncoupler is also observed at high light intensity. Neither 
phosphorylation of LHCII nor unstacking of the thylakoids changes the effect of nigericin at pH 8. The observations are 
interpreted to indicate that ApH regulates PS 11 activity at two levels: (a) the transfer of excitation energy to the reaction centre: 
(b) PS II turnover. 
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1. Introduction 

The influence of  A~H.  on photosynthetic electron 
transport has been studied extensively [1], as has tts 
effect on chlorophyll fluorescence [2]. However, its 
influence on excitation energy transfer to reaction cen- 
ires has received much less attention. 

We have recently addressed this problem, showing 
that localized proton domains formed during electron 
transport can influence the efficiency of transfer of  the 
energy absorbed by the antenna of  PS I! to the reac- 
tion centres [3,4]. The evidence for such a conclusion 
came from measurements of electron transport rate 
under conditions where the transfer of  energy to PS II 
reaction centre was rate-limiting, i.e., single turnover 
flashes (A2) modulated at low frequency (6 Hz) supple- 
mented with a far-red (730 nm) continuous beam (~t) 
of  intensity such as to saturate the Emerson enhance- 
ment [3]. We observed a stimulation by the lipophilic 
uncouplers [4] of electron transport from water to 
NADP only at rather low light intesities. Under  such 
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conditions no effect of  nigericin was detected at satu- 
rating intensity of  the modulated light (A2), indicating 
that the low-frequency activation of  the PS !! primary 
pnctochemistry prevented any inhibition by d / t  H. of  
secondary electron transport to become apparent.The 
inhibition of  excitation energy transfer to PS !! reac- 
tion centre was not due to d q  t, as indicated by the lack 
of effect of  d q  t suppressing ionophores [3]. 

The observation that the stimulation by lipophilic 
uncouplers of  PS 11 activity showed a spectrum with 
maxima at 475 and 650 nm and minima at 500 and 550 
nm [4] further supported the conclusion that inhibition 
by membrane localized protons is related to excitation 
energy transfer. 

We report here an extension of our previous results, 
showing that depending upon the pH of the medium 
the occurrence of  another kind of  electron transport 
inhibition by ApH is apparent, which is not related to 
the excitation energy transfer efficency but rather to 
the inhibition of  the turnover of  PS I1 by low lumenal 
pH. It is also reported that the inhibition of  excitation 
energy transfer was observed in unstacked thylakoids 
and in phosphorylated thylakoids as well, suggesting 
that the mechanism of energy red/stributiou between 
PS !1 and PS ! is not involved in the inhibition ob- 
served. 
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2. Materials and methods 

Stroma-free thylakoids were prepared as previously 
described [6] from spinach leaves just harvested and 
kept 2 h at room temperature in darkness. This proce- 
dure was adopted to allow dephosphorylation of LHC 
lI by the endogenous phosphatase [7]. Thylakoids were 
resuspended in Tricine-NaOH buffer (pH 8) containing 
0.4 M sucrose, l0 mM NaCl, 20 mM KCI and 5 mM 
MgCI 2. The same buffer with sucrose 0.1 M served as 
the reaction medium with 0.05 mM or 5 mM MgCi 2 as 
indicated in the captions of the figures. The unstacking 
of the thylakoids in the low MgCI 2 containing medium 
was monitored by the associated decrease of maximum 
fluorescence, F m, in the presence of DCMU and was 
complete in approx. 90 seconds. Complete restoration 
of the F m value was reached upon addition of 5 mM 
MgC! 2. Phosphorylation of LHC II was performed in 
the dark for 15 min as previously r~escribed [6], in the 
presence of 5 / tM ferredoxin, 0.5 mM NADPH, 1 mM 
ATP and 10 mM NaF. The decrease of F m and of the 
Emerson enhancement upon phosphorylation were 
taken as the indication of LHC-II phosphorylation [5]. 
The control was treated in the same way with the 
omission of ATP. All the samples were then diluted 
1:50, cooled and stored at 0°C. 

,~:'-.DP reduction was rr,'.o'jre,~ as previously de- 
scribed [3] at room temperaw.e (22-23°C), as the 
change of absorbance at 340 minus 39tj nm measured 
in a dual-wavelength spectrc;~hotometer; actinic light 
was provided at 90 ° with respect to the measuring light, 
and the photomultiplier was protected from the actinic 
beam by the appropriate filters [3,5]. Actinic light was 
produced by a xenon flashlamp (EG and G) providing 
single turn-over flashes modulated at 6 Hz [5]. The 
flashes (A 2) were filtered through a heat filter and a 
RG-630 long-pass filter. The intensity of the modu- 
lated light was regulated by means of neutral filters. A 
730 nm continuous beam (,t I) was provided, of inten- 
sity sufficient to saturate PSI  activity in order to keep 
QA oxidized and to saturate Emerson enhancement [5]. 
Under these conditions, light c:pturc by PS II antenna 
and PS 11 photochentistry were strictly limiting the 
electron transport from ~ater to NADP. 

3. ~?sults  

Fig. 1 shows that the stimulation by the uncoupler 
nigericin of PS II activity at rate-limiting flashed light 
(modulated at 6 Hz) intensity was not affected by 
phosphorylation of LHC II (compare cu, v~ c to curve 
a). Phosphorylation decreased maximal fluorescence of 
14%. At satulating intensity of the modulated light, 
nigericin stimulated PS ll activity only in the phospho- 
rylated sample. Such a stimulation at saturating light 
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Fig. !. Effect of  nigericin on phosphorylated and non phosphowlated 
thylakoids. Conditions as described in the text. pH 8, Chl 15/zgml-t .  
PS 11 was calculated as V,2+~l - l / , l  (Ref. 4). Symbols: o,  control; ,~, 
phosphowlated; ~. cont ro l+ATP 12 /zM. ~t 2 intensity was 4.2 
Win-2.  

intensity was observed, however, in the control sample 
as well (Fig. 1, curve b) when ATP was added at the 
same concentration (12 /~M) as that present in the 
phosphorylated samples as a result of the phosphory- 
lating treatment. 

The data reported in Fig. 2 show that at saturating 
light intensity, the stimulation of PS II limited electron 
transport by nigericin increased upon increasing ATP 
concentration (inset) because of the inhibition by ATP 
of the reaction rates in the control (Fig. 2, triangles). 
The possibility that phosphorylation of LHC II oc- 
curred during the rate measurements (1-2 min) caused 
by the low ATP concentration present has been ruled 
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Fig, 2. ATP concentration dependence of the effect of nigericin on 
PS It at saturatin8 A 2 intensity, Conditions as in Fig. I. A 2 intensity 
was 54 W m  -2. 8 ,  control; e, nigericin, 200 nM. In~t :  ratio (PS 
Ii + nig)/fPS II cont) as a function of ATP concentration. 
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Table 1 
Effect of niger•eta on PS 11 in unstacked thylakoids as a function of 
modulated light intensity 

Light intensity W m - ' 1. ! 4.3 8.6 13.6 54 
F5 !1 nig/PS !1 con l !.07 1.16 1.15 1.04 

Conditions as in Fig. I except for the MgCI: content of the medium, 
which was 0.05 mM. 2 min were allowed before starting the measure- 
ment to permit complete unstaeking of the thylakoids. 

Table 3 

Dependence ol PS II activity, ~m lash frequency at pti 7.g 

Flash frequency Control Nigericin 200 nM 
(llz) V,i .~: l],~ PSII I",z. ,,: P,i PSII 

6 15.3 2 13.3 21 2 Iq 
3 8.6 2 6.6 I 1.9 2 9.9 

Conditions as in Fig. I. pH 7.5. Modulated It:': -' ..... ,:: "~a ~, 
Wm-2. Electron transport rates are egpres,,e-.] i.I .a,~ 10 /min. 

out because no change in the rate of  NADP reduction 
was observed during the measurements  at any light 
intensity. No difference between the activity of PS 11 in 
the presence of  nigericin was detectable between the 
phosphorylated and the non-phosphorylated samples at 
saturating light intensity (data not shown). 

Table 1 s~ows that the light intensity dependence  of  
the effect of  nigericin on PS I1 activity was observed 
also in the case of unstacked thylakoids. Comparing 
the nigericin effect vs. light intensity of Table 1 with 
that of Fig. 1 (curve a), one can see that in the case of  
unstacked thylakoids the maximum effect was dis- 
placed towards higher light intensity. This was ex- 
pected because of the decrease of energy available to 
PS II due to spillover in unstacked thylakoids. 
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Fig. 3. pit del~ndence of the effect of nigericin on PS Ii at 
saturating and limiting light intensity. • ,  ,~, intensity was 54 Wm -'~ 
(saturating); e. ,12 intensity was 2.7 Win- f (limiting);, Other condi- 
tions as in Fig. 1 The control NADP reduction rates at pH 8 were 20 
mA/min (saturating .~2) and 14 ~ / m i n  (limiting A,I. 

The dependence upon the pH of  the medium of the 
e f f e c t  of  nigericin on PS !1 activity at l o w  and high 
intensity of the modulated light is reported in Fig. 3. 
Stimulation upon nigericin addition at saturating light 
intensity appeared at pH 7.7 and increased at more 
acidic pH values. The effect of nigericin at low light 
intensity increased as well but a significant difference 
between low and high intensity was observed upon 
decreasing the pH value down to pH 7.5 (Table 2). The 
magnitude of  this difference is almost constant in the 
pH range from 8.1 to 7,5. The cross-over of the low 
light and high light effect was located between pH 7 
and 7.5 and was rather variable in different thylakoids 
preparations (F ig  3, Table 2)  

it ,nust  be  emnhe~ized (see Table 3) that at pH 7.5 
the electron tran~l,ort activity was halved upon halving 
the frequency of the high light intensity flashes, indi- 
cating that there was no influence of 'photosynthetic 
control '  on electron transport rate at the level o f  plas- 
mquinol reoxidation, in agreement with previous ob- 
servations at pH 8 [3.5]. 

4. Discussion 

Braun and Malkin reported that in stacked thy- 
iakoids increase of cations as well as the addition of  
uncouplers are effective in controlling the imbalance of  
excitation between the two photosystems, in favour of  

PS n [81. 
The data reported here show that the stimulation of  

er,ergy transfer to PS 11 reaction centres by nigericin 
under low light intensity was unaffected by unstacking 
the thylakoids (Table 1). It was also unaffected by the 

Table 2 
Difference between the stimulation by niger•eta of PS !1 at h~,v and high intensity of the modulated light 

Medium pH 

7 7.3 7.5 7.7 8 8.1 

o_I _+0.~ Ratio Difference -0.14 _ 0.14 -0.10 _+ 0.06 •0o :L 0.t16 11.14 _+ 0.04 0.16 + 0.03 

The "Ratio difference' is defined as: 

(IS !! nig). (IS !! nig) high light 
(--~H ~ n  ) t°w light (IS II con) 

Other conditions as in Fig. 3. The average values and standard deviations were obtained from ten different preparatkms. 
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phosphorylation of LHC 11 (Fig. 1), a condition which 
decreases the antenna of PS I1 through the transfer of 
a fraction of the phosphorylated LHC II to the an- 
tenna of PSI [5]. So, we c~n c ,nclude that the stimula- 
tion of energy transfer to PS II reaction centres by 
nigericin shown here (Fig. 1, Table 1), depends upon 
the removal of membrane-localized protons [3,4] and is 
not related to the energy distribution between the 
photosystems, but concerns the inhibition by H + of 
excitation energy transfer within PS II antenna. 

The fact that the stimulation by nigericin in phos- 
phorylated as well as non-phosphorylated thylakoids 
was observed also at high light intensity in the presence 
of low ATP concentrations (Figs. 1 and 2) can be 
satisfactorily explained on the basis of the well-known 
inhibition by ATP of proton leakage through the AT- 
Pase [9]. Such inhibition would decrease the lumenal 
pH, thus inhibiting P680 + reduction [10] and PS II 
turnover. Nigericin prevents such inhibition (see Fig. 
2). The inhibition of PS II turnover caused by low 
lumenal pH and its prevention by uncouplers can also 
be ob~rved if the pH value of the medium is lowered 
[11]. Under such conditions the inhibition of PS II 
activity does not concern the excitation energy transfer 
to the reaction centre but rather the reduction of 
P680 + [10]. Therefore, we measured the effect of 
nigericin addition on PS II activity at low as well as at 
high modulated light in ,~n~ity in the rather narrow pH 
range between 7 and 8. ;.. 

In the typical experiment represented in Fig. 3, 
stimulation of PS II acuvity upon nigericin addition at 
saturating light intensity was observed only below pH 8 
and was larger at more acidic values. 

This observation seems in agreement with the hy- 
pothesis used above to explain the effect of ATP, 
namely that when the lumen became acidic enough PS 
II turnover was inhibited, probably at the level of H20 
oxidation [10]. While the magnitude of the difference 
between the effect of nigericin at low and high light 
intensity seemed constant at pH values down to 7.5, 
below this value a larger effect of nigericin on PS II 
turnover was observed at saturating light intensity (Fig. 
3 and Table 2). 

The cross-over point (Fig. 3) was rather variable in 
different thylakoids preparations (Table 1), and its 
existence can be explained by thinking that the inhibi- 
tion of PS II turnover rate by low lumenal pH is 
plevailing on the inhibition of excitation energy trans- 
fer by membrane localized protons (low light effect) at 
low pH values of the medium. 

The absence under out conditions (low-frequency 
flashes of A 2 and continuous beam of saturating inten- 
sity on PS 1) of the photosynthetic control at the level 
of plastoquinol reoxidation (Table 3) confirmed that 

the inhibition by low lumenal pH was at the level of PS 
lI turnover. 

5. Conclusions 

We interpret our observations to indicate that PS II 
electron transport activity can be regulated (inhibited) 
by proton translocation coupled to electron transport 
in two ways: (a), at the level of excitation energy 
transfer to the reaction centres, as previously reported 
[3,4]; (b), at the level of PS II photochemistry. The 
former inhibitory mechanism which we have indicated 
to be due to localized protons on the basis of the 
requirement for lipophilic uncouplers to remove it [4], 
could involve components of the antenna more closely 
linked to the reaction centre than 'mobile' LHC II [12] 
as shown in Fig. 1. Furthermore, it is not dependent on 
the cation regulated excitation energy distribution be- 
tween the two photosystems, as shown here by the lack 
of influence of thylakoid stacking (Table 1). The latter 
mechanism of inhibition, (b), is suggested to be the 
effect of the acidification of the lumen which is known 
to inhibit P680 reduction [10]. 

It is relevant to note that the inhibition at the level 
of PS !I photochemistry seems to require lower pH 
values in the lumen than the inhibition of the energy 
transfer to the reaction centre. It could then be sug- 
gested that after the onset of illumination the progres- 
sive accumulation of H + within the membranes and 
into the lumen causes firstly a change at the level of PS 
II antenna leading to an inhibition of the efficiency of 
excitation energy transfer to the reaction centre (see 
Refs. 3 and 4), followed by an inhibition of P680 + 
reduction when the lumen is allowed to become exces- 
sively acidic [10]. 

Acknowledgements 

Research work supported by CNR, Italy, special 
project RAISA, sub-project 2, paper no. 1222. Thanks 
are due to Dr. A. Vianelli for reading the manuscript. 

References 

[I] Trebst, A. (1974)Annu. Rev. Plan! Physiol. 25, 423-458. 
[2] Krause, G.H., and Weis, E. (IO91) Annu. Rev. Plant Physiol. 

Plant Mol. Biol. 42, 313-349. 
13] Ehrenheim, A.M., Forti, G. and Finazzi, G. (1991) Biochim. 

Biophys. Acta 1059, 106-it0. 
[4] Ehrenheim, A.M., Vianelli, A. Finazzi, G. and Forli, G. (1992) 

Biochim. Biophys. Acta 1100, 299-349. 
[5] Forti, G. and Fusi, P. (1990) Biochim. Biophys. Acta 1020, 

247-252. 



A.M. Ehrenheim et aL / Biochimica e¢ Bitydwsica Acta 1185 ¢1~4~ 2"~ - 283 ~3 

[6] Forti, G. and Grubas, P.M.G. (1986) Photosynth. Rcs. 10, 277- 
282. 

[7] Forti, G. Resla, C. and Sangalli, A. (1990) in Current Research 
in Photosynthesis (Baltscheffsky, M., ed.), Vol.ll, 8.775. Kluwer. 
Dordrecht. 

[8] Braun, G. and Malkin, S. (19~1) Biochim. Biophys. Acta 1017, 
79-90. 

[9] McCarty, R.E., Juhrman, J.S. and Tsuchiya. Y. (1971) Proc. 
Natl. #,cad. Sci. USA 68, 2522-2526. 

[I0] Rengcr. G., Glae~r, M, and Buehwald. l iE .  (I~%! Bi(~him. 
Biophy~. Acia 46,1. 392-402. 

[11] Bamberger, E.. Rottcnbcrg. H. and Avron. M. (1973J Eur J. 
Biochem. 34, 557-563. 

[12] Kyle, DJ.. Kuang. T.-Y, Watson. J. and Axntzcn. CJ. (1984) 
Biochirn. Biophvs. Acta 765, 89-96. 


