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SUMMARY 

1. Two distinct sites were observed for Ca 2 ÷ binding to chloroplast mem- 
branes. Site I has a number of  sites equal to 0.65 pmole/mg chlorophyll and has a 
dissociation constant of  8 ~ 3  pM. This site is the same as that previously observed 
for Mn 2+ (Gross, E. L. (1972) Arch. Biochem. Biophys. 150, 324-329) and is re- 
sponsible for reversal of  quaternary ammonium salt uncoupling (Gross, E. L. (1971) 
Arch. Biochem. Biophys. 147, 77-84). 

2. Site II  has a number of  sites equal to 0 .5±0.2  pmole/mg chlorophyll and a 
dissociation constant of 51 :k8 pM. Other divalent cations such as Mn 2+ and Mg 2+ 
also bind to this site. 

3. Divalent cation binding to Site | I  was correlated with divalent cation-in- 
duced structural changes. 

4. Monovalent  cations such as K + and tetraethylammonium also bind to 
this site but do not cause structural changes. Another explanation for monovalent 
cation-induced structural changes must be found. 

5. Divalent cation binding was also correlated with divalent cation-induced 
changes in chlorophyll a fluorescence. 

6. The divalent cations were found to bind to previously unoccupied sites 
on the chloroplast membrane rather than to exchange for other cations already pre- 
sent. 

INTRODUCTION 

Murata and co-workers [1-3], and Homann [4] have shown that divalent 
cations such as Ca 2 ÷ and Mn 2 ÷ inhibit spillover of excitation energy f rom Photo- 
system II  to Photosystem I in green plant photosynthesis. Murata  [3], Murakami 
and Packer [5] and Mohanty  et al. [6] have correlated the chlorophyll a fluorescence 
changes used to monitor spillover with divalent cation-induced structural changes 
such as had previously been observed in chloroplasts [7] and isolated grana [8]. 
These results leave unanswered the following questions: (A) What  is the mechanism 
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which produces the structural changes? (B) What do the structural changes represent 
on the molecular level? (C) How do the stuctural changes actually cause the changes 
in distribution of excitation energy between the two photosystems? 

In this paper, we have investigated the first question and have found that 
divalent cation-induced structural and fluorescence changes can be correlated with 
divalent cation binding to the membranes to the extent of 0.5 pmole/mg chlorophyll 
with a dissociation constant of 51 pM. Future studies will explore the nature of the 
binding groups, the molecules to which they are attached and finally the interaction 
of these molecules with other components of the chloroplast membrane. 

MATERIALS AND METHODS 

Chloroplast isolation 
Chloroplasts were isolated as previously described [9] in 50 mM Tris • C1- 

(pH 7.5) plus 350 mM sucrose after which they were washed once and resuspended 
in 100 mM unbuffered sucrose. Chlorophyll concentrations were determined accord- 
ing to the method of Arnon [10]. 

45 Ca 2 + binding 
Chloroplasts (at 10 pg/ml chlorophyll) were suspended in 30 ml of a medium 

containing 100 mM sucrose plus sufficient un-neutralized Tris base to titrate to pH 8 
(usually about 0.15 mM) plus various concentrations of CaC12 containing 45CA 2 ÷. 
The average specific activity was 3 mCi/mole CaCI2 added. The chloroplasts were 
collected by centrifugation for 15 min at 10 000 ×9 after which the pellets were sus- 
pended in distilled water, plated, and the radioactivity counted using a Nuclear 
Chicago planchet counter. 

Correction Jor 45Ca 2+ trapped in the pellet 
Measurements of the [14C]sorbitol and 3H20-permeable space in the chloro- 

plast pellets were made according to the method of Rottenberg et al. [11 ] and it was 
found that the extra-chloroplast space comprised 95-100% of the total chloroplast 
pellet volume. Thus, the 45Ca2+-binding data were corrected for pellet trapping by 
subtracting from the values obtained the amount of 4SCa 2 + contained in a volume 
of medium equal to that of the pellet. The correction calculated by this method was 
never greater than 10% of the total counts obtained and was negligible for CaC12 
concentrations less than 200 pM. 

The true external concentrations of CaCl 2 were found by subtracting the 
amount bound to the chloroplasts at equilibrium from the total amount added. 

The time dependence of 45Ca 2 + binding was determined using the Millipore 
filtration technique described previously [12]. Chloroplasts at 10 #g/ml chlorophyll 
were suspended in l0 ml of a solution containing 1 mM CaCI 2 plus other additions 
as indicated above for various incubation times after which they were collected on a 
0.65-/~m Millipore filter. A correction made for the radioactivity trapped by the 
filter alone averaged 40~o of the total counts observed. 

Tetra[t 4C]ethylammonium chloride binding 
Tetra[ 14C]ethylammonium cation binding was determined as described above 
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except that corrections for pellet trapping had to be made for all samples due to the 
high concentrations of tetraethylammonium chloride employed. The correction varied 
from 2 0 ~  of the total counts at low concentrations to 5 0 ~  at 4 mM. The concen- 
tration of tetra[14C]ethylammonium bromide added was 10 nCi/ml. 

Determination oJ pellet cation contents by atomic absorption 
The cation content of chloroplasts was determined according to the procedure 

described earlier for Mn 2÷ [13] in which chloroplasts (at 10 pg/ml) were incubated 
in 30 ml of a solution containing I00 mM sucrose plus sufficient Tris base to titrate 
to pH 8 plus other salts as indicated after which the chloroplasts were collected by 
centrifugation at 10 000 ×g for 15 min. The pellets thus obtained were resuspended 
in 2 ml deionized water plus 0.6 ml 7 0 ~  HCIO4. The chloroplasts were extracted 
for 24 h at 20 °C in HCIO, after which the denatured chloroplasts were removed by 
centrifugation. The extracts were analyzed for their contents of Mn 2 ÷, Mg 2 +, Ca 2 +, 
Na ÷ and K ÷ using a Model 303 Perkin-Elmer atomic absorption spectrophotometer. 

Divalent cation-induced structural changes 
Divalent cation-induced structural changes were determined by monitoring 

either turbidity changes at 540 nm or by measuring pellet weights as previously de- 
scribed [13]. Tile structural changes were determined as a function of cation concep- 
tration under conditions identical to those used for tile cation-binding studies de- 
scribed above. 

Divalent cation-induced changes in chlorophyll a fluorescence 
The effects of divalent cations on chlorophyll a fluorescence were determined 

as previously described [14] using an Aminco-Bowman spectrofluorometer. The 
excitation and emission wavelengths were 470 and 680 nm, respectively. The reaction 
mixtures were identical to those used for the binding studies with. the following 
exceptions: (A) The chlorophyll concentration was 5 pg/ml. (B) The reaction mix- 
ture contained 6.7/~M 3(3,4-dichlorophenyl)-l,l-dimethylurea to insure that the 
Photosystem II traps were closed. (C) 10 mM NaC1 was added to each reaction 
mixture. The addition of NaC1 was necessary in order to promote spillover so that 
it could be inhibited by further additions of salts of divalent cations (see ref. 15). 

Chemicals 
Trizma base, pyocyanin perchlorate and tetraethylammonium chloride were 

obtained from Sigma, Schwartz-Mann and the Aldrich Chemical companies, re- 
spectively. 45CAC12 and tetra[X4C]ethylammonium bromide were obtained from 
New England Nuclear. Other chemicals were of reagent grade. 

RESULTS AND DISCUSSION 

Previous studies in this laboratory [12] revealed a binding site on the chloro- 
plast membrane for Mn 2+ and other cations wittl a dissociation constant (Kd) of 
8 ± 3 pM. Tile number of sites (n) was found to be 0.64 pmole/mg chlorophyll (see 
ref. 12 and Table I). The binding of divalent cations to this site was correlated with 
divalent cation reversal of quaternary ammonium salt uncoupling [9]. In this report, 
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TABLE I .. 

BINDING OF DIVALENT CATIONS TO CHLOROPLASTS: RELATIONSHIP TO STRUC- 
TURAL CHANGES 

The values of nl (the numbers of binding sites for Site 1) and nl +n2 (the total number of binding 
sites for both sites) as well as K~ and K2 (the dissociation constants for divalent cation binding at 
Site I and Site II, respectively) were determined from data similar to those presented in Fig. 1. n2 
(the number of binding sites for Site I1) represents the difference between the total number of bind- 
ing sites and the number determined for Site I. Each value represents between 5 and 10 separate 
determinations. Ki (the inhibitor constant for competitive displacement of Ca 2 + by the cation in 
question) was determined by Dixon plots as shown in Fig. 2. Each value represents the average of 
five separate determinations. Turbidity changes (AAs4n nm and pellet weights were determined as a 
function of CaC12 concentration after which the concentrations required to observe half-maximal 
effects (cl/2 ,,,z) were calculated. Each value represents an average of five separate determinations. 
Other conditions were as described in Materials and Methods. The maximum increase in turbidity 
observed upon addition of high concentrations of CaCI2 averaged 61 70. The average pellet weight 
determined in the absence of CaClz was 130 rag/rag chlorophyll and the average maximal percent 
decrease was 42 ~.  

Cation: Ca 2+ Mn 2+ Mg 2+ TEA +* K + 

Cation binding at site I 
n~umole/mg chlorophyll) 0.65 ±0.11 
ka~ (mM) 0.0084-0.003 

Cation binding at site II 
n1+n2 1.2 4-0.3 
n2 0.5 4-0.2 
Kd2 (mM) 0.051-4-0.008 
Ki2 (mM) 

Structural changes c~ max (mM) 
dAs4o ~m 0.0604-0.006 
Pellet weights 0.070 i0.020 

0.64 ±0.15 
0.009±0.003 

1.2 ±0.1 1.2±0.3 
0.6 t0 .2  
0.054±0,008 2.0±0.5 

0.061±0.012 2.6±0.5 3.5±0.5 

0.085±0.015 35±7 34±5 

* Tetraethylammonium. 

we have expanded our studies to include higher divalent  cations concentra t ions  in 
the range required to produce changes in chloroplast  structure [13] and  chlorophyll  
a fluorescence yields [1-3, 14]. The results are shown in Fig. la. It can be seen that  
a double  reciprocal plot of  the inverse of 4SCa2 + b inding vs the inverse of the Ca 2 + 
concent ra t ion  gives a plot with two straight line segments indicat ing two independent  
cat ion b inding  sites. The first site (which occurs at lower Ca 2 + concentra t ions  and  
thus has the higher b ind ing  affinity) has a dissociation cons tant  of 84-3 # M  and the 
number  of sites is 0.65 gmole /mg chlorophyll  (see also Table I). These values agree 
very closely with those previously obtained for M n  2+ (see ref. 12 and  Table I). 
Therefore, we can conclude that  this site is the same as that  described previously for 
M n  2 + and  is also responsible for reversal of  quaternary  a m m o n i u m  salt uncoupl ing.  

The second site which is shown more clearly in Fig. l b  has a dissociation 
constant  of 51 4-8  # M  and  intersects the ordinate  at 1.2/~mole/mg chlorophyll .  
The true n u m b e r  of b ind ing  sites for Site II  can be obtained by subtract ing the n u m -  
ber of b ind ing  sites for Site I f rom this number  yielding a value of 0.54-0.2 #mole/rag 
chlorophyll  (see Table I). The results obtained for M n  2+ also shown in Table I 
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Fig. 1. Concentrat ion dependence of  Ca 2 + binding to chloroplast membranes.  (A) The existence 
of  two sites for Ca 2+ binding. Ca 2+ binding was determined as a function of  Ca 2+ concentration 
in the medium. Other conditions were as described in Materials and Methods. A double reciprocal 
plot was constructed according to the following formula: 

[ C a 2 a + b o u n d ]  = ~ 1 + [Ca~-fr=e 

where n is the total number  of  binding sites; Kd is the dissociation constant and [Ca 2 +rr==] refers to the 
Ca:  + concentration in the medium at equilibrium. (B) Expanded plot for Site II showing competitive 
displacement of  Ca 2 + by Mg 2+ and K+.  The conditions were as described in (A) except that either 
50t+M MgCI2 or  6.7 m M  KCI were added where as indicated. 
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indicate  tha t  bo th  cat ions  b ind  to this site wi th  the same b ind ing  affinity to within 

the l imit  o f  error .  
Fig. l b  also shows tha t  o ther  ca t ions  such as K ÷ and  M g  2+ can displace Ca 2+ 

f rom the ch lo rop las t  membranes .  Fu r the rmore ,  the d isp lacement  is compet i t ive  in 
na ture  since the  appa ren t  d issocia t ion cons tan t  for  Ca  z+ was increased but  the num-  
ber  of  sites was unaffected. The compet i t ive  na ture  o f  the d isp lacement  suggests 
tha t  M g  2+ and  K + b ind  to the same sites as do  Ca z+ and M n  z÷. Fu r the rmore ,  the 
d issocia t ion  constants  for  the compet ing  cat ions  should  be equal  to the inh ib i tor  
constants  (Ki) for  their  d isp lacement  of  Ca  z÷ f rom the membranes .  The  inh ib i tor  
constants  can be ob ta ined  f rom plots  such as the one shown in Fig. 2 for  te t raethyl-  
a m m o n i u m  chloride.  D a t a  was ob ta ined  in tiffs manner  for  KC1, t e t r ae thy l ammon ium 
chlor ide  and  MgCI2 and is summar ized  in Table  I. The results ob ta ined  for  M g  z÷ 
are sufficiently close to those for  Ca  2 + and  M n  z + to indicate  tha t  there  is li t t le or  no 
selectivity for  one divalent  ca t ion  over  another .  In  contras t ,  monova len t  ca t ions  have 
higher  inh ib i to r  constants  in the range o f  2.5-3.5 mM.  

2.5 

2o 0 t 
o 

0.5 

-6,0 -4.0 -2.0 0 2.0 4.0 6.0 ao I0.0 

TEA÷Cl Coneentratlon (mM) 

Fig. 2. Displacement of Ca z+ from chloroplast membranes by tetraethylammonium cations (TEA+). 
Ca z + binding was determined as a function of tetraethylammonium chloride concentration in the 
presence of either 0.1 or 1.0 mM CaClz. A Dixon plot was made according to the following formula: 

[CaZ %ou°,l n [CaZ+f,,,l Ki'r~A + / /  

The intersection of the two lines represent the negative of the inhibitor constant (Kl) for competitive 
displacement of Ca z + by tetraethylammonium ions. Other conditions were as described for Fig. 1. 

Direct determination o[ tetra[X 4C]ethylammonium cation bindin9 
Direc t  de te rmina t ion  o f  t e t r ae thy l ammon ium cat ion b ind ing  were made  to 

confi rm these results.  A typical  exper iment  is shown in Fig. 3 and  the results  o f  five 
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Fig. 3. Binding of tetraethylammonium cations to chloroplast membranes. Tetraethylammonium 
cation binding to chloroplast membranes was determined as a function of tetra[14 C]ethylammonium 
cation concentration after which a double reciprocal plot was made. Other conditions were as for 
Fig. ! or as described in Materials and Methods. 

experiments are summarized in Table I. One of the most interesting facets of these 
results is that, unlike the case for divalent cations, no break in the curve was observed 
suggesting that only one binding site exists for monovalent cations. Moreover, the 
line extrapolates to n = 1.2 ~:0.3/~moles/mg chlorophyll which is the same value 
obtained for divalent cations when both Site I and Site II  are added together, or 
twice the value for Site II  alone. There are two possible interpretations of these re- 
sults. (1) Monovalent cations may not see these two sites as separate sites or put 
another way, the dissociation constants for monovalent cations for the two sites 
may be the same to within the limit of error. (2) Monovalent cations may not bind 
to Site I at all and the total binding capacity of 1.2 pmoles/mg chlorophyll may belong 
to Site II. This is consistent with the previous observation [12] that monovalent 
cations displace divalent cations from Site I in a non-competitive manner. If  this 
were true, then it could be that monovalent cations bind to a single negatively charged 
group on the chloroplast membrane whereas divalent cations by virtue of their 
double positive charge form a bridge between two negatively charged groups, thus 
resulting in half the number of binding sites as observed for monovalent cations. 

On the other hand, the dissociation constants for tetraethylammonium cation 
binding obtained by the direct method agree with the inhibitor constants obtained 
from the Dixon plots confirming th.at the real value for the dissociation constants 
for monovalent cations does lie in the 2--4 mM range. The significance of these values 
will be discussed later when we compare cation binding and structural changes. 

The p H  dependence of  Ca z + binding 
The pH dependence of Ca 2 + binding is shown in Fig. 4. It can be seen that 

lowering the pH value below 8 results both in an increase in the apparent dissociation 
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Fig. 4. The effect of pH on 4SCa2+ binding to chloroplast membranes. A complete concentration 
curve for Ca z+ binding was determined at the indicated pH values after which the number of sites 
(n) and the dissociation constant (Kd) were determined from double reciprocal plots similar to those 
presented in Fig. 1. The pH was adjusted in each case by adding either HCI or unneutralized Tris 
base. Other conditions were as described for Fig. 1 (except that the 0.15 mM Tris was not included). 

constant (Ka) and in a decrease in the number of potential binding sites (n). The 
latter effect may be related to structural changes which have previously been observed 
upon lowering the pH of a chloroplast suspension [13, 15]. It is quite plausible that 
the structural changes could bury potential binding sites so that they are no longer 
accessible to Ca 2 +. One possible interpretation of the dissociation constant data is 
that protons compete for the binding sites. If so, the midpoint of the transition in 
Ka should be the pK a for the sites and, in this case, is approximately pH 6.3. However, 
the transition itself is too broad for there to be a single well-defined pKa for the sites 
but rather the data indicate that there are many sites with slightly different pK~ 
values. This is the same phenomenon that produces the linear pH titration curve for 
chloroplasts observed in the region of pH 6-8 [16]. It is also possible that the apparent 
pK~ is due to protonation of other sites which prevent access of Ca 2 ÷ to the binding 
sites themselves. 
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The effect of  light on Ca z ÷ binding 
We have previously  shown [13 ] tha t  i l lumina t ing  ch loroplas t s  for  1 min under  

our  condi t ions  in the presence o f  pyocyan in  to cata lyze cyclic e lectron flow did not  
affect the a m o u n t  of  Ca 2 + bound.  These results  s tand  in cont ras t  to those of  Nobe l  
and  Packer  [17] who observed  l ight - induced Ca 2+ uptake.  However ,  the difference 
in results may  be due to the fact that  Nobe l  and  Packer  [17] added  Mg z+ to their  
reac t ion  mixture  and  i l lumina ted  thei r  samples  for  30 min. We can conclude f rom 
our  studies tha t  the Ca z + b ind ing  repor ted  here is not  an energy-requi r ing  phenome-  
non.  

The effect of washing on the ability o] chloroplast membranes to bind Ca a + 
One i m p o r t a n t  ques t ion which arises concerns whether  the Ca / + b inding  ob-  

served above  is due to the membranes  themselves or  to soluble  pro te ins  and o ther  
componen t s  which are  easily r emoved  f rom ch lorop las t s  (for example ,  by washing).  
I f  the la t ter  were the case, there  cou ld  be no cor re la t ion  between the ca t ion  binding,  on 
the one hand,  and  m e m b r a n e - d e p e n d e n t  p h e n o m e n a  such as s t ructura l  changes or  
ch lo rophyl l  a f luorescence changes on the other.  To answer  this quest ion,  the to ta l  
Ca  z +-b inding  capac i ty  (n) was examined  under  op t imal  condi t ions  (1 m M  CaC1 z, p H  
8) for  sucrose- iso la ted  ch lorop las t s  as a funct ion of  the number  of  washes in 100 m M  
unbuffered sucrose (Table  II) .  I t  can be seen tha t  the CaZ÷-b ind ing  capac i ty  o f  
unwashed  sucrose- isola ted  ch loroplas t s  decreased by 50% after  the first wash and  
remained  app rox ima te ly  cons tan t  thereaf ter .  Equ i l ib r ium dialysis  measurements  (not  
shown)  ind ica ted  tha t  the b ind ing  enti t ies lost by washing could  be recovered f rom 
the superna tan t s  and  are p r o b a b l y  soluble  proteins .  These results can be expla ined  
on the basis tha t  there  are two types of  b ind ing  enti t ies in in tac t  chloroplas ts .  One 
type  is due to  soluble  prote ins  which are lost on  the first wash. The second type,  
which is not  lost  upon  washing  in aqueous  med ia  (washing in dist i l led water  or  
1 m M  E D T A  p roduced  identical  resul ts)  represents  m e m b r a n e - b o u n d  sites. I t  is 

TABLE II 

THE EFFECT OF WASHING CHLOROPLASTS ON THEIR ABILITY TO BIND Ca 2+ 

Chloroplasts were isolated in 50 mM Tris (pH 7.5) plus 350 mM sucrose and were washed for the 
number of times indicated in 100 mM unbuffered sucrose after which their ability to bind Ca 2+ 
was determined. The assay medium consisted of 100 mM sucrose plus Tris base (to titrate to pH 
8.0) plus 1 mM CaCI2. Other conditions were as described in Materials and Methods. CaZ+-induced 
structural changes were measured by monitoring the absorbance (turbidity) at 540 nm in the pres- 
ence and absence of 1 mM CaCI2. Other conditions were as described in Materials and Methods. 
The chloroplasts which were washed once in unbuffered sucrose correspond to those used for the 
rest of the studies reported in this paper. 

Number of washes 45Ca2 + bound Structural changes 
(/~moles/mg chlorophyll) IA 540 nm] + Ca2 + 

[A54o ,m]--Ca ~+ 

0 4.3 1.36 
1 1.9 1.26 
2 1.8 1.18 
3 1.4 1.19 
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this latter type of binding that we have examined in this paper since we always use 
washed chloroplasts. 

The effect of CaCl 2 addition on the content oJ other cations in chloroplasts 
Another question which arises concerns whether the Ca 2 + binding measured 

above represents (1) exchange with endogenous Ca 2 +, (2) replacement of other mono- 
or divalent cations on the binding sites, or (3) binding to previously unoccupied 
sites. It is this last possibility which is the most interesting when considering the 
mechanism of the structural changes. 

To answer this question, we determined the content of chloroplast Mg 2+, 
Ca 2+, Na 2+ and K + in the presence and absence of 0.2 mM CaCI 2. The results 
presented in Table III  show that Ca 2+ addition caused no change in the content of 
Mg 2 +, Na + or K + indicating that exchange with these ions did not occur. Also, the 
fact that the content of calcium did increase shows that at least part of the calcium 
added must be binding to previously unoccupied sites. However, some of it could be 
exchanging with the endogenous C a  2+. To test this possibility, we examined the 
effect of Mn 2+ and Na + on the endogenous calcium content of the membranes. 
Since these ions bind to the same sites as do C a  2+, they should displace the endoge- 
nous Ca 2 + if these were bound to the sites of interest. It can be seen (Table IV) that 
the addition of these ions did not affect the endogenous C a  2 + content. Therefore, all 
of these ions bind to previously unoccupied sites. 

It was of interest to compare these results with those obtained by other workers. 
Nobel and Packer [17] found a slightly lower value for the endogenous Ca 2+ con- 
tent, namely 0.25 #mole/mg chlorophyll and a slightly lower increase in binding 
(uptake) namely 0.15 #mole/mg chlorophyll, upon addition of 100 tiM C a C l  2. This 
could be due to the presence of other cations in their reaction medium. Most other 
workers have determined the cation content of whole chloroplasts isolated either 
by non-aqueous methods [18] or by rapid centrifugation techniques [19]. Our de- 
terminations of the cation contents of unwashed sucrose-isolated chloroplasts pre- 

TABLE Ili 

THE EFFECT OF THE ADDITION OF Ca 2+ TO CHLOROPLAST SUSPENSIONS ON THEIR 
CONTENT OF OTHER CATIONS 

The chloroplasts employed were either unwashed sucrose-isolated chloroplasts or membranes 
washed once in unbuffered sucrose identical to those used for other studies reported here. They were 
incubated in a medium containing 100 mM sucrose plus sufficient Tris base to obtain pH 8 in the 
presence or absence of 0.2 mM CaCI2 after which the pellets were collected by centrifugation and 
the pellet ion contents determined by atomic absorption. The results represent an average of five 
separate experiments. The values for Mg 2+ have been corrected for the Mg 2 + released from chloro- 
phyll by the extraction procedure. 

Chloroplast preparation CaCl~ 
added 

Cation content ~moles/mg chlorophyll) 

C a  2+ M g  2+ N a  + K + 

Washed lamellae None 0.564-0.07 0.8-4-0.3 
Washed lamellae 0.2 mM 1.104-0.20 0.74-0.2 
Unwashed chloroplasts None 1.9 4-0.7 2.54-0.4 

0.20+0.08 
0.244-0.08 
0.45 4-0.07 

0.06-4-0.01 
0.05±0.01 
7.3 ±1.2 
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TABLE IV 

T H E  E F F E C T  O F  T H E  A D D I T I O N  OF Mn 2+ A N D  Na  + ON T H E  C O N T E N T  OF O T H E R  

CATIONS I N  CHLOROPLASTS 

The pellet cation contents were determined in the presence and absence of  the salts indicated. Other 
conditions were as for Fig. 2. 

Additions Cation content (~moles/mg chlorophyll) 

Ca 2+ Mg 2+ Mn 2+ Na + K + 

None 0.70 0.7 0.01 0.20 0.06 

0.2 mM CaCI2 1.20 0.6 0.01 0.29 0.06 

0.2 m M  MnCI2 0.67 0.5 0.69 0.23 0.07 

10 m M  NaC1 0.57 0.5 0.01 3.0 0.07 

sented in Table IV agree with those obtained by other workers [18, 19] in that (A) 
K + is the predominate cation, (2) that the K+/Na  + ratio is about 10 : 1 and (3) 
that there are more monovalent than divalent cations present. A comparison of these 
results with the results obtained for washed membranes shown in Tables III and IV 
suggests that most of K + may exist in the stroma fraction of the chloroplasts whereas 
at least one-third of the Na +, Mg 2+ and Ca 2+ may be membrane bound. 

Correlation between divalent cation binding to chloroplast membranes and divalent 
cation-induced structural changes 

The next question which arises concerns whether the observed divalent cation 
binding is related to the divalent cation-induced structural changes. If they are related, 
the following should be true: (1) They should have the same concentration dependence 
and (2) they should have the same time dependence. Structural changes were deter- 
mined as a function of cation concentration by either (1) monitoring turbidity changes 
at 540 nm or (2) determining pellet weights. The conditions used were identical 
to those used for the binding experiments allowing a direct comparison to be made. 
The results presented in Table I show good agreement* between binding and struc- 
tural changes for all three divalent cations tested; namely, Ca 2 +, Mn 2+ and Mg z +. 
These results indicate that binding of divalent cations to these sites does produce 
structural changes. However, the correlation does not hold for monovalent cations 
since the K d values for binding range between 2 and 4 mM whereas 35 mM concen- 
trations are required to half-saturate the structural changes. This suggests that al- 
though monovalent cations can bind to the sites, once bound they cannot produce 
the structural changes. The unique role of divalent cations in producing structural 
changes could be due either to their double positive charge or to the possibility of 
their forming a bridge between two negatively charged groups on the chloroplast 

* The concentrations of  Ca 2 + required for half-maximal saturation of  the structural changes 
refers to the total amount  of  calcium added to the medium whereas the Ka values refer to the concen- 
tration of  Ca 2 + remaining in the medium at equilibrium after a certain amount  has been bound. Chlo- 
roplasts remove approx. 20 ~ of  the Ca 2 + f rom the medium under the conditions described. Thus,  
the concentrations required for half-maximal saturation of  the structural changes would be expected 
to be about  20 9/o larger than the Ka values. 



345 

membrane. Also, we have to find an alternate explanation for monovalent cation- 
induced structural changes. 

The time dependence of Ca 2 + binding is presented in Fig. 5. As can be seen, 
the Ca z ÷ binding occurs in two phases, one of which is too rapid to measure and the 
second of which requires up to 2 min for completion. The first, rapid phases com- 
prises 7 5 ~  of the total. Similar results including the rapid initial phase followed 
by the slower increase were previously observed by use for Ca 2 +-induced structural 
changes [13]. 
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Fig. 5. T ime  dependence o f  Ca 2 + binding.  Chloroplas ts  were incubated for the t imes indicated in 
a m e d i u m  conta in ing 1 m M  CaCI2 after which they were collected on  a 0.65-/~m Millipore filter. 
The  average t ime required for filtration was 4 s and  the  t imes indicated refer to the  poin t  at which 
50 ~ o f  the solut ion had  gone th rough  the filter. Other  condi t ions  were as described for Fig. 1. 

Correlation between divalent cation binding and divalent-cation induced changes in 
chlorophyll a fluorescence 

We have shown above that divalent cation binding can be correlated with the 
structural changes. Murata [3] and Murakami and Packer [5] have correlated these 
structural changes with changes in chiorophyll a fluorescence indicating a decrease 
in the spillover of excitation energy from Photosystem II to Photosystem I. In a 
previous paper [14], we have shown that divalent cation-induced changes in chloro- 
phyll a fluorescence do not occur in a medium of low ionic strength such as used for 
the binding studies described herein since spillover is inhibited under these conditions 
even in the absence of divalent cations. It was found that 2-10 mM concentrations 
of  salts of monovalent cations promoted spillover, after which further addition of 
divalent cations reversed the effect inhibiting spillover once more. The observation 
that structural changes occur in the absence of fluorescence changes does not in- 
validate the causal relationship between the two. Divalent cations always cause the 
structural changes but the fluorescence changes only occur when other requirements 
are also met (namely, the addition of monovalent cations). Therefore, we decided 
to examine Ca 2+ binding to membranes under conditions previously used for the 
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fluorescence studies (namely, in the presence of 10 mM NaCI). Under these condi- 
tions the apparent dissociation constant for Ca 2 + binding was 0.18:~0.05 mM which 
agrees with the value of 0 .15~0.03  mM previously obtained for Ca2+-induced 
fluorescence changes [14]. The increase in the apparent dissociation constant is due 
to competition for the sites by Na +. 

CONCLUSIONS 

There are at least two distinct sites for divalent cation binding on the chloro- 
plast membrane. The second site which has an n of 0.6 #mole/mg chlorophyll and a 
dissociation constant of 51:~8/zM is responsible for divalent cation-induced struc- 
tural changes. Monovalent cations also bind to these sites but cannot produce struc- 
tural changes. Under conditions where divalent cation-induced chlorophyll a fluores- 
cence changes can be observed (i.e. in the presence of 10 mM NaCI), divalent cation 
binding can also be correlated with the fluorescence changes. Therefore, divalent 
cation binding causes both the structural and fluorescence changes when observed 
under appropriate conditions. However, another explanation must be advanced for 
the monovalent cation-induced structural changes. 

Now that we know that divalent cation binding is the cause of both the struc- 
tural and fluorescence changes, we can procede to determine the nature of the bind- 
ing groups and the mechanism by which the structural and fluorescence changes occur. 

ACKNOLWEDGEMENTS 

This work was supported in part by Grant No. GB19156 from the National 
Science Foundation. We wish to thank Mr Richard Yeoman for valuable technical 
assistance and Dr G. P. Brierly for use of the atomic absorption spectrophotometer. 

REFERENCES 

1 Murata, N. (1969) Biochim. Biophys. Acta 189, 171-181 
2 Murata, N., Tashiro, H. and Takamiya, A. (1970) Biochim. Biophys. Acta 197, 250-256 
3 Murata, N. (1971) Biochim. Biophys. Acta 245, 365-372 
4 Homann, P. (1969) Plant Physiol. 44, 932-936 
5 Murakami, S. and Packer, L. (1971) Arch. Biochem. Biophys. 146, 337-347 
6 Mohanty, P., Braun, B. Z. and Govindjee, (1973) Biochim. Biophys. Acta 292, 459-476 
7 Dilley, R. A. and Rothstein, A. (1967) Biochim. Biophys. Acta 135, 427-443 
8 Gross, E. L. and Packer, L. (1967) Arch. Biochem. Biophys. 121,779-789 
9 Gross, E. L. (1971) Arch. Biochem. Biophys. 147, 77-84 

10 Arnon, D. I. (1949) Plant Physiol. 24, 1-15 
11 Rottenberg, H., Grunwald, T. and Avron, M. (1971) FEBS Lett. 13, 41-44 
12 Gross, E. L. (1972) Arch. Biochem. Biophys. 150, 324-329 
13 Gross, E. L. and Libbey, J. W. (1972) Arch. Biochem. Biophys., 153, 457-467 
14 Gross, E. L. and Hess, S. C. (1973) Arch. Biochem. Biophys. 159, 832-836 
15 Packer, L., Deamer, D. W. and Crofts, A. R. (1967) in Energy Conversion by the Photosynthetic 

Apparatus, Brookhaven Symposium No. 19, pp. 281-302 
16 Polya, G. M. and Jagendorf, A. T. (1969) Biochem. Biophys. Res. Commun. 36, 696-703 
17 Nobel, P. S. and Packer, L. (1965) Plant Physiol. 40, 633-640 
18 Larkum, A. W. D. (1968) Nature 218, 447-449 
19 Nobel, P. S. (1969) Biochim. Biophys. Acta 172, 134-143 


