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Summary 

Studies with osmotically shocked chloroplasts demonstrate  that  the 
slow chlorophyll  fluorescence quenching observed with illuminated isolated 
whole chloroplasts is due to an energy dependent  net movement  of cations, 
other than protons, from granal to the stromal compartments.  Ionophore  
A23187 inhibits this quenching and evidence is presented, both  from 
fluorescence and electron transport  studies, that  this is due to a collapse of a 
light-induced divalent ion gradient created between the granal and stromal 
spaces. It seems that Ionophore  A23187 can facilitate divalent cat ion--proton 
exchange across the thylakoid membranes. 

There are indications that  a net energy-dependent movement  of  Mg ~÷ 
from the granal to the stromal space may occur during illumination of  intact 
chloroplasts [1,2]. If such a movement  does occur then it could act both to 
regulate carbon fixation [ 1] and the distribution of light energy to the two 
photosystems [ 3,4]. Indirect evidence for Mg 2÷ movement  within intact 
chloroplasts has come from recent chlorophyll  fluorescence studies [4,51 Isolated 
"who le"  chloroplasts, like intact leaves, show dark-reversible slow fluores- 
cence quenching when illuminated (see Fig.l) which is not  observed after 
removal of  their outer  membranes by  osmotic shock (see Fig.2). The rate of  
quenching is dependent  on the ability of the chloroplasts to fix CO2 and is 
speeded up by  increasing the rate of  electron transport  and/or  by  reducing the 
lag period before O2 evolution, for example by  the addition of phospho- 
glycerate [4]. Inhibition of  electron f low with 3-(3,4-dichlorophenyl)-l , l-di- 
methylurea (DCMU) and uncoupling with compounds  such as nigericin in- 
hibit the formation of  the low fluorescing state [4,5]. By varying the nature 
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of the electron acceptor it has been shown that  this quenching is independent 
of the redox state of Photosystem II and is associated with the establishment 
of a high energy state, ~4]. Experiments with chloroplasts depleted of their 
outer membranes have demonstrated that  the quenching is not directly brought 
about by the high energy state but results from an energy-dependent net efflux 
of cations, other than protons, from the thylakoid interiors [4,5]. In particular, 
increasing the Mg 2+ concentration of the suspension raises the fluorescence 
yield to that  observed before osmotic shock and regenerates the ability of the 
chloroplasts to show slow light-induced quenching (refs 4 and 5 and Fig.2). 
As shown in Fig.2, for Mg 2+ addition to increase the fluorescence level with 
fully coupled chloroplasts there must be a dark pretreatment period [4,5]. 
Apparently only in the dark, when the proton gradient created by endogenous 
electron flow has collapsed, can the Mg 2+ enter the thylakoid compartment  
and bring about the high-fluorescing state. Ca 2÷ will mimic Mg 2÷ with max- 
imum effect at about 5 mM while for K ÷ and Na ÷, concentrations in excess 
of 100 mM are required to induce the same effect (refs 4 and 5 and Fig.2). 

Although these fluorescence observations strongly suggest that  net 
cation movements occur between the granal and stromal compartments of 
illuminated intact chloroplasts, they do not clearly indicate the significance 
of changes in Mg 2÷ distribution. In order to investigate the involvement of 
divalent cation movements in intact chloroplasts we have employed 
Ionophore A23187. This is a new carboxylic acid antibiotic which acts as a 
membrane carrier for Mg 2÷ and Ca 2÷ but  not  for K ÷ [6]. The free acid has a 
molecular weight of 523 and an elemental analysis of C29H37N3 06 and is 
isolated by Eli Lilly and Company, Indianapolis, from whom we obtained 
our sample (Lot  361-066-275). Up to now its use has been mainly confined 
to mitochondrial  work where it acts partly as an uncoupler, apparently by 
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Fig.1.  S low f luo re scence  changes  f r o m  a 3 ml  s u s p e n s i o n  of  i so la ted  whole  ch lo rop la s t s  ( a p p r o x .  65% 
whole  as d e t e r m i n e d  b y  the  f e r r i c y a n i d e  m e t h o d s  [7 ] ) .  The  ch lo rop la s t s  were  i so la ted  f r o m  sp ina c h  
by  the  m e t h o d  of  S t o k e s  and  Walker  [8]  and  were  f ina l ly  s u s p e n d e d  in 0 .33  M Sorb i to l  a n d  50 m M  
N - 2 - h y d r o x y e t h y l p i p e r a z i n e - N  52-e thanesu lphon ic  ac id  ( H E P E S )  a d j u s t e d  to  p H  7.6 w i t h  N a O H  (A.M.)  
at a c h l o r o p h y l l  c o n c e n t r a t i o n  o f  33 ~g /ml .  I l l u m i n a t i o n  was  via  a Balzer  Cal f lex  C, 4 m m  S c h o t t  B G l S  
f i l te r  c o m b i n a t i o n  a t  a n  i n t e n s i t y  of  70 k e r g s ,  c m  -2 • s - I  and  its onse t  a n d  t e r m i n a t i o n  are i n d i c a t e d  by  
o p e n  and  c losed a r r o w s  respec t ive ly .  C h l o r o p h y l l  f l uo re scenc e  was  meas t t r ed  w i t h  an  EMI 9 5 5 8  pho to -  
mu l t i p l i e r  p r o t e c t e d  b y  Balzer  B40  695  a n d  6 m m  S c h o t t  R G 6 6 5  fi l ters .  A d d i t i o n  of  I o n o p h o r e  A 2 3 1 8 7  
( I o n o  A) gave a f inal  c o n c e n t r a t i o n  o f  1 p g / m l  a n d  n iger ic in  (Nig)  c o n c e n t r a t i o n  was  10 - v  M. 
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allowing proton--divalent ion exchange. As shown in Fig.1 we found that  
this antibiotic reversed the slow fluorescence quenching Observed on illumina- 
tion of isolated "whole"  chloroplasts. Reversal was not always complete and 
there was usually a small additional nigericin-sensitive component.  After 
subjecting the "whole"  chloroplasts to an osmotic shock the fluorescence 
yield was lowered but as explained above the addition of 5 mM MgC12 or  
100 mM KC1 followed by a 2 min dark period resulted in suspensions which 
showed similar fluorescence properties to the "whole"  preparations. As Fig.2 
shows the addition of Ionophore A23187 to these reconstituted chloroplasts 
was only effective in reversing the quenching when Mg 2÷ was present. Sim- 
ilarly, pretreatment of the broken chloroplasts with Ionophore A23187 
allowed the high-fluorescing state to occur only on the addition of Mg 2÷ and 
not  K + (Fig.2). 

Electron transport studies with broken chloroplasts treated with 
ferricyanide indicated that  concentrations of Ionophore A23187 which relieve 
the low-fluorescing state uncouple electron flow. In the presence of sufficient 
Mg 2÷ (in excess of 3 mM) the Ionophore in the concentration range of 2--10 pg 
per 100 pg chlorophyll gave the same stimulated rate of electron flow as 
observed with an uncoupling concentration of NH4 C1 or nigericin (see 
Table I). In the absence of added Mg 2+ the above concentrations of the anti- 
biotic slightly stimulated electron flow while at higher concentrations and 
in the presence of Mg 2+ there was an inhibition of the uncoupled rate. As 
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Fig .2 .  F l u o r e s c e n c e  t i m e  c o u r s e s  m e a s u r e d  with  spinach chloroplasts  which  had been  subjected  to  o s m o t i c  
s h o c k  b y  initial suspens ion  in 1 . 5  m l  d i s t i l l ed  water  f o l l o w e d  b y  the  addi t ion  o f  1 . 5  m l  double  strength 
s o r b i t o l / H E P E S  m e d i a .  (a)  A d d i t i o n  o f  5 m M  MgCI 2 f o l l o w e d  b y  a 2 m i n  d a r k  p e r i o d  and then  the 
inject ion of  1 /~g/ml I o n o p h o r e  A 2 3 1 8 7  ( I o n o  A)  as  i n d i c a t e d  d u r i n g  the  s econd  i l luminat ion  period.  
(b)  As  (a)  b u t  carried out  b y  inject ion of  1 0 0  m M  KCI. (c)  A d d i t i o n  o f  5 m M  MgCI 2 to  i l luminated  
chloroplasts  treated w i th  1 /~g/ml I o n o p h o r e  A 2 3 1 8 7 .  (d)  As  (c)  but  add i t ion  of  1 0 0  m M  KCL Other 
condi t ions  s a m e  as Fig .1 .  
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T A B L E  I 

E F F E C T  OF I O N O P H O R E  A 2 3 1 8 7  ON E L E C T R O N  T R A N S P O R T  

The  r eac t i on  m i x t u r e  con ta ined ,  in a v o l u m e  of 2 ml,  o smot i ca l ly  sh o ck ed  ch lo rop las t s  equ iva l en t  to 
98/~g ch lo rophy l l  suspended  in 0 .33  M Sorbi tol  50raM HEPES  b r o u g h t  to  p H  7.6 wi th  N a O H ( A . M . )  
af te r  be ing  init ially shocked  in 10% A.M. and  sub jec ted  to  t w o  A.M. washes.  E l e c t r o n  t r a n s p o r t  was  
induced  b y  add i t ion  of  1.5 m M  po ta s s ium fer r ieyanide .  M e a s u r e m e n t s  were  m a d e  as desc r ibed  in t h e  
legend of Fig.3. 

I o n o p h o r e  C o n c e n t r a t i o n  
(~g/nd)  

E lec t ron  T r a n s p o r t  Ra te  
( pmo le s  O2 /mg  c h lo rophy l l  pe r  h) 

- -Mg +10raM MgCl: +5raM NH4 CI  

0 23 27 86 
0 .15  22 31 85 
0.5 26 42 85 
1.5 25 64 83 
2.5 31 82 83 
5.0 35 85 85 

15.0 31 46 46 

Conlro] I 

Fig.3. E lec t ron  t r an spo r t  to  fe r r icyan ide  m e a s u r e d  as 02  e v o lu t i o n  f r o m  H~ O w i t h  R a n k  02 e lec t rode .  
I l l u m i n a t i o n  was  200  k e r g s , c m  -2 .s  - l  whi te  l ight t h r o u g h  a h e a t  fil ter a n d  its onset  an d  t e r m i n a t i o n  
are ind ica ted  by  open  and  c losed ar rows,  respec t ive ly .  The  r eac t i on  m i x t u r e  was the  s ame  as t h a t  given 
in Table  I. I o n o p h o r e  A 2 3 1 8 7  c o n c e n t r a t i o n  was  2.5 p g / m l  an d  MgC12 and  KCI add i t ions  were  10 mM 
and 100  raM, respect ively .  N H  4 Cl c o n c e n t r a t i o n  was  5 mM. 

Fig.3 shows, the stimulation of electron f low to the uncoupled rate by 
Ionophore A23187 was Mg 2÷ but not I~ dependent. 

These results suggest that Ionophore A23187 can act as an Mg2÷/I-r 
exchanger across the thylakoid membranes. Such an exchange would account 
for the Mg2÷-dependent stimulation of  electron flow and for the reversal of 
the Mg2*-dependent quenching of chlorophyll fluorescence observed with the 
reconstituted chloroplast system. Therefore it seems likely that the reversal 
of the fluorescence quenching observed with isolated "whole" chloroplasts 
on addition of  Ionophore A23187 is due to the collapse of  a light-induced 
divalent ion gradient between the granal and stromal compartments. There 
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is, however, the alternative that  the light-induced quenching is due entirely 
to the establishment of a monovalent cation gradient and that  the ionophore 
relieves the quenching by "act ively" driving cations into the thylakoids at the 
expense of the proton gradient. Although it is difficult to distinguish between 
these two possibilities it seems to us that  the former is more likely since divalent 
cations are far more effective than monovalent cations at inducing the low 
fluorescing state with reconstituted systems. Finally, because the ionophore 
is capable of transporting both Ca 2+ and Mg 2~ it is impossible to decide at this 
stage which of these is involved in the facilitated cation exchange across the 
intact thylakoid membranes. 

This study was supported by grants from the Science Research 
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