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SUMMARY 

Passive redistributions of Mg 2+ and K + ions across the thylakoid membranes, 
occurring in association with the light-driven electrogenic influx of  hydrogen ions 
have been examined in suspensions of broken spinach chloroplasts under a variety 
of conditions. 

(i) In accord with results of Hind et al. (Proc. Natl. Acad. Sci. U.S. (1974) 
71, 1484), it was found that at a low K/Mg concentration ratio in the medium, the 
K-efflux is negligibly small, whereas a substantial Mg-efttux is observed. The converse 
is true when the K/Mg concentration ratio in the medium is high. 

(ii) In the presence of A23187, which was found to cause approximately a 
60 ~ inhibition of the light-induced pH-gradient, a significant influx of Mg 2÷ was 
observed in the light at a high K/Mg concentration ratio. Conversely the Mg-influx 
was small in the presence of A23187 when the K/Mg concentration ratio in the 
medium was low. Under these conditions, the Mg-influx was considerably increased 
upon the addition of valinomycin. A23187 was found not to affect the K-efflux in 
the light. 

(iii) The light-induced K-influx observed in the presence of nigericin also 
was found to be dependent on the concentration ratio of the monovalent and divalent 
cation. Its magnitude increased upon an increase in the K/Mg ratio. 

The results are interpreted in terms of a simplified model in which the total 
passive efflux of cations, driven by the potential set by the electrogenic proton pump, 
is considered to be a constant fraction of the proton influx. According to this, an 
increase in the flux of an ion species, induced either by raising its concentration, or 
by increasing its permeability through the membrane, will cause a decrease in the flux 
of the other cations. The relevance of the results is discussed with respect to con- 
clusions about the involvement and relative magnitudes of the passive K and Mg 
effluxes across the thylakoid membrane during energization of intact chloroplasts 
and chloroplasts in situ. 

* Permanent address: Biophysics Department, Biological Faculty, Moscow State University, 
Moscow, U.S.S.R. 
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INTRODUCTION 

Since the proposal of the chemiosmotic hypothesis on energy coupling in 
energy-conserving membranes [1 ], a great deal of attention has been given to ion 
movements across the thylakoid membranes of chloroplasts that occur in association 
with light-induced proton uptake [2, 3]. The efflux of K + and Mg 2+ [4-7], as well 
as an uptake of CI- [8] has been reported to occur during illumination. With respect 
to K + movement the results obtained so far are somewhat conflicting. Some authors 
found only a small or even an irreversible efflux of this ion [9]. Hind et al. [6] have 
shown that the extent of  K + and Mg 2+ effluxes from broken chloroplasts is depen- 
dent on the relative concentrations of these ions in the suspension medium. The ratio 
of the K + and Mg 2+ effluxes in intact chloroplasts and in chloroplasts in vivo is 
not yet known, but it is tentative to assume that this ratio is dependent on the actual 
concentration ratio of these ions in the chloroplast stroma. Studies on the kinetics 
of the light-induced changes in the electrical transmembrane potential of thylakoids 
in intact chloroplasts and in chloroplasts in vivo have suggested evidence that K + 
acts as one of the ions that counterbalance the electrogenic proton influx into the 
thylakoids [10]. 

Ionophorous antibiotics have been shown to be a potent tool for the investi- 
gation of the ion transport processes associated with chloroplast energization [13-16]. 
From fluorescence experiments in which ionophores were applied to intact chloro- 
plasts, it has been concluded [13-16] that Mg 2+ acts as the main exchange ion 
for proton uptake in chloroplasts in vivo. The suggestion arose from the observation 
that the ionophore A23187, which is assumed to act as a neutral exchanger of protons 
against divalent cations in biological membranes [17], produced the reversion of 
the light-induced fluorescence quenching in intact chloroplasts, whereas nigericin, 
which facilitates a K+ /H  + exchange, was inactive, at least in the absence of K + in 
the suspending medium [13, 16]. 

In this work, the effect ofA23187 on the light-induced redistribution of mono- 
valent and divalent cations across the thylakoid membrane was investigated and 
compared with the effect of nigericin. A tentative scheme is discussed which accounts 
for the observed effects of these ionophores on H +, K +, and Mg 2+ transport. 

MATERIALS AND METHODS 

Suspensions of  broken chloroplasts were prepared from market spinach. 
Washed and chilled leaves were homogenised in a medium containing 0.33 M sorbitol, 
2 mM MgCI2 and 25 mlV[ HEPES* buffer, adjusted to pH 7.4 with NaOH. The homog- 
enate was filtered through 4 layers of perlon net (pore diameter 50 #m) and centrifuged 
for 5 min at 3000 ×0. The sedimented chloroplasts were suspended in a small 
volume of a medium containing 0.33 M sorbitol and 2 mM HEPES-NaOH buffer, 
pH 7.4. Chlorophyll content was determined spectrophotometrically [18, 19]. 
The stock chloroplast suspension was diluted 20 to 50-fold, and KCI and/or MgC12 
were added at final concentrations variable from 0.5 to 50 mM and 0.1 to 3 mM, 
respectively. The average chlorophyll concentration was 100 #g • ml-1. 

* HEPES: N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid. 
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Light-induced changes in the activities of H ÷, K ÷ and Mg 2+ were determined 
by means of ion-specific electrodes. The following electrodes were used: Philips 
liquid membrane electrode IS 560 (K ÷) and Orion divalent cation electrode 92-32 
(Mg2+). Photosynthetic electron transport was measured as O2-uptake (Rank 
Brothers O2-electrode) in the presence of diquat and 0.2 mM azide, simultaneously 
with pH-changes. The suspension was continuously stirred and illuminated with 
white light of approx. 6 • 10 s ergs • cm -2 • s -1 intensity. Measurements were per- 
formed at ambient room temperature. 

Light-induced electric potential changes across the chloroplast (thylakoid) 
membranes were measured with conventional choline chloride-filled micro-elec- 
trodes on single isolated chloroplasts of Peperomia metallica as previously described 
[20, 21 ]. These chloroplasts were suspended in a medium containing 0.25 M sucrose, 
25 g/1 ficoll, 100 mg/1 bovine serum albumin, I mM KC1 and 0.01 M tricine buffer 
adjusted to pH 7.8 by Tris. A single chloroplast, sucked onto the polished tip of a 
suction pipette, was illuminated with saturating white lighl via a flexible light guide. 

RESULTS 

The effect ofA23187 and nigericin on the li#ht-induced redistribution of Mg 2+ and K + 
Fig. 1 shows the effect of ionopbore A23187 on the light-induced transport 

of  divalent cations in broken chloroplasts suspended in a medium containing 0.5 
m M K + and 0.1 mM Mg 2+. It has been shown that for chloroplasts isolated and 
suspended in Ca2+-free medium, the flux of divalent ions across the thylakoid 
membranes is carried mainly by magnesium ions [6]. The upper curve (Fig. la) 
shows a reversible efflux of magnesium ions in the light. The amount of Mg 2+ 
released in the light was found to be dependent on the ambient K + and Mg 2+ con- 
centrations in the suspension. Under the conditions of the experiment shown here, 
this amount was approx. 100 nequiv/mg chlorophyll which corresponds rather well 
with previously reported data on the Mg 2+ efflux under similar conditions [6]. In 
the presence of 10/~M A23187 (Fig. lb), a net uptake of Mg 2÷ ions in the light is 
observed. As can also be seen in Fig. lb, it has consistently been found that the uptake 
of  Mg 2+ is relatively small and slow for illuminated chloroplasts suspended in media 
with a low concentration of K ÷, but is substantially enhanced by a subsequent 
addition of 1 /tM valinomycin (Fig. lc). 

Fig. 2 shows the effect of A23187 on Mg 2+ transport in chloroplasts suspended 
in a medium containing 50 mM KC1 and 1 mM MgC12. There is no noticeable light- 
induced redistribution of magnesium ions under these conditions in the absence of 
the ionophore. The same result was found in the presence of 0.1 mM MgC12 at the 
same (high) concentration of KCI. In the presence of 10 #M A23187 a massive 
(900-1300 nequiv/mg chlorophyll) uptake of Mg 2 ÷ is observed. Subsequent addition 
of  valinomycin up to a concentration of 1 #M was found to have little effect on the 
Mg 2+ uptake under these conditions. 

Fig. 3 shows the light-induced redistribution of K + between chloroplasts 
and outer medium, containing 0.5 mM K + and 0.1 mM Mg 2+, in the absence and 
presence of 10 #M A23187. The extent of the light-induced efflux of K ÷ is about 
40 nequiv/mg chlorophyll under both conditions. An increase in potassium concen- 
tration in the suspending medium up to 5 mM was found to produce a 2.5-fold 
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Fig. I. Light-induced changes in Mg z+ activity in a suspension of broken chloroplasts in (a) the 
absence and (b, c) the presence of 10#M A23187 (b) before and (c) after the addition of 0.2/~M 
valinomycin. The chloroplasts were suspended in a medium containing 0.33 M sorbitol, 2 mM 
HEPES-NaOH buffer, pH 7.4, 0.5 mM KC1, 0.1 mM MgC12, 20/~M diquat and 0 .2mM NaNa.  
Open and closed arrows mark the onset and end, respectively, of an illumination period. An upward 
movement of the trace means an increase in activity of the ion in the medium. Chlorophyll concentra- 
tion: approx. 130 #g/ml. 
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Fig. 2. Light-induced changes in Mg 2+ activity in a suspension of broken chloroplasts in the absence 
(control) and presence of 10/zM A23187. Reaction medium and assay were as described in Fig. 1, 
except for the presence of 50 mM KCI and I mM MgCI2. 
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Fig. 3. Light-induced changes in K + activity in a suspension of broken chloroplasts in the absence 
(control) and presence of 50 #M A23187. Reaction medium and assay were as described in Fig. 1 
except for a chlorophyll concentration of approx. 260/,g/ml. 

stimulation of the light-induced K + efflux, both in the presence and absence of the 
ionophore. 

It has been reported [12, 22, 23] that in the presence of nigericin a light- 
induced uptake of K + into chloroplasts occurs. Fig. 4 shows that the extent of the 
light-induced K + uptake at an unaltered K + concentration is dependent on the 
Mg 2÷ concentration in the medium. An increase in Mg 2+ concentrations from 
0.1 to 3 m M  results in an approx. 2-fold increase in the extent of  light-induced K + 
uptake in the presence of nigericin. Addition of  3 mM EDTA results in a 70 700 
reduction of the K ÷ uptake in the light. Subsequent addition of 1 m M  Mg 2÷ elimi- 
nated the inhibitory effect. 

The effects of A23187 and nigericin on light-indueed proton uptake and rate of photo- 
synthetic electron transport 

Fig. 5 shows the effect of  A23187 and nigericin on the light-induced pH- 
changes and the oxygen cosumption in a chloroplast suspension containing 50 mM 
K ÷ and 0.5 mM Mg z÷ and 20 I~M diquat as electron acceptor. It can be seen that 
addition of A23187 has brought about a 50-60 % inhibition of the light-induced p H  
change and an enhancement of  the electron transport rate by a factor of  about 2.5. 
Subsequent addition of nigericin causes a complete inhibition of  the light-induced 
pH change and a further increase in the electron transport rate by a factor of  about 
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Fig. 4. Light-induced decrease in K ÷ activity in a suspension of broken chloroplasts in the presence of  
1 ~tM nigericin at various concentrations of MgCI2 in (a, b) the absence and (c, d) the presence, 
respectively, of 3 mM EDTA. Reaction mixture and assay were as described in Fig. 1, except for the 
presence of  3 mM KC1 and the following concentrations of  MgCl2 (in raM): (a), 0.1; Co), 1.0; (c), 3 
and (d), 4. Chlorophyll concentration was approx. 260 ~g/ml. 
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Fig. 5. The effect of  A23187 (10~M) and nigericin (1/~M) on the light-induced pH changes and 02 
consumption in a suspension of broken chloroplasts. The composition of  the medium was as described 
in Fig. l ,  except for the presence of 50 mM KCI and a chlorophyll content of  approx. 60/zg/ml. 
The figures along the (lower) oxygen trace are the rates in/~atoms • mg-  1 chlorophyll, h -  1. The small 
closed arrows mark the additions of the ionophores. 
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Fig. 6. Light-induced changes in the electrical potential across the thylakoid membranes of an 
isolated chloroplast ofPeperomia metallica in the presence of 10 #M A23187 (b) before and (c) after 
the addition of 1 aM nigericin. A typical control response, measured in the absence of ionophores is 
shown in (a). The reaction medium was as described in Materials and Methods. 

3.5. Nigericin alone was found to produce a complete inhibition of the pH-change 
and an increase in the rate of electron transport by a factor of about 8.7 under these 
conditions. Similar results, i.e. a lower uncoupling efficiency of A23187 than of 
nigericin, were found with chloroplasts suspended in media containing 3 mM Mg 2+ 
and 1 mM K +. 

Effect of A23187 and nigericin on liyht-induced electric potential changes across the 
chloroplast membrane 

The specific ability of A23187 and nigericin to induce a light-dependent 
uptake of Mg 2+ and K +, respectively, makes it possible to assess the involvement of 
changes in the distribution of K + and Mg 1+ with the light-induced changes in the 
membrane potential across the thylakoid membranes. Therefore, experiments were 
conducted in which the photoelectric responses of  intact isolated chloroplasts of 
Peperomia metalliea were measured in the presence of these ionophores. Fig. 6 
shows the potential responses observed after subsequent additions of A23187 and 
nigericin. In the absence of nigericin, the initial rise (phase 1) and subseqent phase 
2 decay, occurring in the first second of illumination, are followed by a slow but 
substantial increase in potential in the light when A23187 is present. Under these 
conditions the rapid potential drop in the dark is followed by a slow decay. The 
slow rise and decay in the light and the dark, observed in the presence of A23187, 
are inhibited by nigericin. The absence of the transient potential undershoot upon 
darkening in the presence of A23187 and nigericin is also noteworthy. 

DISCUSSION 

The present results show that the light-induced release of Mg 2+ occurring 
in broken chloroplasts in association with H + uptake is specifically reversed in the 
presence of A23187, with a concomitant decrease in H ÷ uptake. This phenomenon, 
consistent with the ability of A23187 to facilitate a neutral exchange of divalent 
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cations against protons in biomembranes [17], is similar to the effect of  nigericin 
on light-induced K ÷ movement across the thylakoid membrane [12, 22, 24]. In the 
absence of ionophores, a competitive relation between the effluxes of K + and Mg 2+ 
has been reported to exist which appears to be determined by the concentration 
ratio of the two ions in the suspension medium [6]. 

According to two alternative interpretations for light-induced changes in 
Mg 2+ activity [6], the redistribution of Mg 2+ across the thylakoid membrane is 
determined either by a reversible binding of this ion to the membrane in response 
to a conformational change in the membrane, or by transport of the ion across the 
membrane. The reverse direction of the light-induced change in Mg 2+ activity in 
the outer medium in the presence of A23187 (Figs. 1 and 2) is difficult to interprete 
in terms of the first mechanism, but can be understood for a model which supposes 
a transport of ions across the membrane (see below). If for such model a passive 
equilibration of the ion concentrations between the thylakoid inner space and the 
outer medium is assumed, then the apparent competitive relation between the K + 
and Mg 2+ fluxes can be qualitatively visualized from two essential requirements for 
passive ion movement; (I)  according to the flux equation (e.g. refs. 10, 25) applied 
to these particular conditions, the (ef)fluxes of Mg 2+ and K ÷ should be proportional 
to their respective concentrations when the membrane permeability coefficients of 
the ions are not altered; (2) in the absence of  electrical current through the mem- 
brane, the sum of the passive fluxes in the steady state should be equal to the active 
proton influx. This requirement will cause the relative magnitude of the Mg 2+ and 
K + fluxes to be determined by the concentration of both ions in the dark steady 
state and by the membrane permeability coefficients. For instance, an increase in 
the flux of one ion species, induced either by raising its concentration in the medium, 
or by ionophoretically increasing its permeation through the membrane, will result 
in a decrease of the flux of the other ion. According to these requirements, the direc- 
tion and relative magnitude of the light-induced changes in the Mg 2+ and K + flux 
at different concentration ratios of these cations in the medium in the presence 
and absence of A23187 or nigericin, can be qualitatively interpreted on basis of the 
simplified scheme shown in Fig. 7. Only fluxes of K ÷ and Mg 2+ are considered here, 
but the model is applicable to the "physiological" situation [26] in which anions 
are transported as well. The following discussion of  the model is restricted to its fund- 
amentals and consequences. This means that the accelerating effect of changes in 
the cation concentration on the rate of electron transport [27], i.e. on the rate of 
electrogenic proton pumping, is not dealt with here. The scheme accounts for the 
fact [6] that in the absence of ionophores the K + effiux in the light is in excess of 
the Mg 2+ efflux under conditions of a high K/Mg concentration ratio, whereas at a 
low K/Mg concentration ratio the electrogenic H+-influx is mainly balanced by an 
efflux of Mg 2+ ions. In the presence of nigericin or A23187, a backflow of H ÷ from 
the thylakoids to the outer medium is promoted in conjunction with an influx of K + 
and Mg 2 +, respectively. This means for example that for control conditions of  a 
comparatively small Mg 2+ efflux (i.e. at a high K/Mg ratio) a relatively large net 
influx of Mg 2+ occurs in the light in the presence of  A23187. If, on the contrary, the 
efflux of Mg 2+ is comparatively large (i.e. at a low K/Mg concentration ratio), then 
the addition of A23187 will produce a relatively small net uptake of Mg 2÷, since 
the difference between influx and efltux is small. These predictions are consistent 
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Fig. 7. Tentative scheme for light-dependent cation movements across the thylakoid membrane of 
chloroplasts, exemplified for a high (left) and low (right) K/Mg concentration ratio of the thylakoid 
environment, in the absence and presence of an ionophore (X) that facilitates an exchange of protons 
against divalent cation (X = A23187), or against K ÷ (X = nigericin). Ce, light-driven electron flux 
through the membrane-localized photosynthetic electron transport chain; ¢.  a, electrogenic proton 
(in)flux; ffM,*, ffK p, passive potential-driven (ef)flux of Mg 2+ and K +, respectively; Ca x and ~bcat x, 
passive exchange fluxes of protons and cations, respectively, in the presence of ionophore X. Further 
explanations are in the text. 

with the experiments. Light-induced Mg 2+ influx in the presence of  A23187 was 
much higher at a high K/Mg concentration ratio (Fig. 2), than under conditions of  
a low concentration ratio of  these ions (Fig. 1). The enhancement of  the light-induced 
Mg 2+ reflux by valinomycin in the presence of A23187 under conditions of  a low 
K/Mg concentration ratio (Fig. 1) is in agreement with the predictions set by the 
model. A valinomycin-induced increase in the K + conductance of the membrane 
will cause an increase in the light-stimulated K + efliux and consequently, a,s discussed 
before, the Mg 2+ efflux will become smaller. As valinomycin is not expected to 
interfere with the Mg/H-exchange induced by A23187, the net Mg 2+ influx will 
increase due to the decrease in the Mg 2+ efflux. Similarly, the scheme predicts that 
the net influx (influx minus eflux) of potassium ions in the light in the presence of 
nigericin increases when the K/Mg-concentration ratio is decreased, and vice versa 
(Fig. 4). According to the model, a decrease in Mg 2+ activity is associated with an 
increase in the K + etflux due to the decrease in the light-driven Mg 2÷ etflux, and 
consequently, the light-driven K + influx is decreased. Restoration of the Mg 2+ 
etttux by addition of Mg 2+ leads to a restoration of  the K + uptake in the light in 
the presence of nigericin (Fig. 4). It  is of  interest to note that light-induced K + 
uptake in the presence of nigericin has been reported only for chloroplasts in low 
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KCl-media (1 mM), at which, as would be expected, the light-induced efflux of the 
cation in the absence of the ionophore was negligible or even absent [12, 24]. 

The ability of A23187 to act as an uncoupler, as evidenced by its inhibiting 
effect on the light-induced pH change and stimulating action of the electron trans- 
port rate (Fig. 5), is probably due to the facilitated exchange of protons against Mg 2+ 
across the thylakoid membrane [13, 14]. Such uncoupling mechanism is principally 
similar to that of nigericin in the presence of K + [12]. In comparison with nigericin, 
A23187 was found to be a weaker uncoupler both at high (50 mM) and low (1 mM) 
concentrations of potassium. Full uncoupling by A23187 has been reported for 
chloroplasts suspended in a cation-free medium, except for Mg 2+ [15]. 

The effects of A23187 and nigericin on the Mg 2+ and K + movements are of 
relevance with respect to the interpretation of the changes in the electrical potential 
across the thylakoid membrane measured in prolonged illumination in isolated 
chloroplasts of Peperomia metalliea. As discussed more extensively elsewhere [28], 
the slow rise in potential in the light and the slow decay in the dark in the presence 
of A23187 (Fig. 6) is suggested to reflect the reversible formation of a K + concen- 
tration gradient and its associated diffusion potential across the thylakoid membrane. 
The formation of this gradient, the magnitude of which is not affected by A23187 
(Fig. 3), is inhibited in the presence of nigericin [28]. The fact that the slow potential 
rise (and decay) is not observed in the absence of A23187 is probably due to the 
fact that under these conditions the contribution of this gradient to the membrane 
potential is compensated by an (opposing) contribution of the proton gradient 
[29]. The uncoupling effect of A23187 causes the latter to be substantially suppressed 
in the presence of the ionophore. With respect to this, the absence of the transient 
potential undershoot in the light-off reaction in the presence of the ionophores 
(Fig. 6) is consistent with earlier evidence [10, 29] that this transient is a reflection 
of the pH-gradient formed in the light across the thylakoid membrane. 

The present results are of interest with respect to the involvement and relative 
magnitudes of the passive K + and Mg2+(ef)fluxes across the thylakoid membrane 
during energization of intact chloroplasts and chloroplasts in situ. Although K + 
and Mg 2+ concentrations in intact chloroplasts have been reported to be 40 to 140 
and 15 to 30 mM, respectively [5, 7, 15, 31 ], indicating a relatively low concentration 
ratio of about 5, or even much less [31 ], we suggest that the experiment (Fig. 2) 
with broken chloroplasts suspended in 50 mM KCI and 1 mM MgCI 2 is more or less 
representative for the situation in intact chloroplasts. Confirmatory with results of 
Hind et al. [6], it has been found (A. Schapendonk, unpublished) that the magnitude 
of the light-driven Mg 2+ efflux in broken chloroplasts is not increased at Mg 2+ 
concentrations above 1 mM both at low and high K + concentrations. If this pheno- 
menon was also to occur in intact chloroplasts, this would suggest that the light- 
induced Mg 2+ efflux in intact chloroplasts is relatively small in comparison with 
the K + efflux. This suggestion is qualitatively in agreement with conclusions derived 
from kinetic analyses of the photoelectric membrane responses in isolated chlo- 
roplasts under various conditions [10, 28]. On the other hand, a dominant involve- 
ment of Mg 2+ transport in intact chloroplasts has been concluded on basis of the 
specific differences in the effects of A23187 and nigericin on the fluorescence quench- 
ing of chlorophyll a in cation-free suspensions of intact chloroplasts [13, 14, 
16, 30]. A full discussion of the seeming discrepancy with respect to the conclusions 
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about  the identi ty of the counter- ion for the electrogenic p ro ton  loading of the 
thylakoids in intact  chloroplasts is given elsewhere [32]. Evidence has been obta ined 
[32] that  the s tromal K + concentra t ion  in K + free suspensions of intact  chloro- 
plasts is less than  0.3 m M  in the presence of nigericin. At  such a low internal  K + 
concentra t ion,  nigericin is likely no t  to act as an uncoupler  [12], and  thus will no t  
cause an inhibi t ion of the fluorescence quenching.  This was observed indeed, bu t  has 
been interpreted differently [13, 15]. 
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