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Summary 

The binding of various nucleotides to chloroplast coupling factor CF~ was 
studied by two dialysis techniques. It was found that the number of nucleoside 
diphosphate sites and their specificities for the base moiety is dependent on the 
magnesium concentration. In the presence of 50 wM added MgC12, the protein 
has a single strong site/mol protein with Kd = 0.5 ~zM for ADP and high specifi- 
city (Ka :> 20 ~M for eADP, GDP, CDP). In the presence of 5 mM MgC12, the 
protein has two independent tight ADP sites (Kd = 0.4 uM) of low specificity 
(K d ~ 0.8, 2, and 2 ~M, respectively for eADP, GDP, and CDP). These results 
are compared with the specificity of the partial reactions for photophosphory- 
lation. 

Introduction 

The chloroplast coupling factor protein, CF, ~, is generally believed to con- 
tain the sites responsible for the final steps in photophosphorylation (e.g. ATP 
formation) [1], as well as the partial reactions of photophosphorylation in 
chloroplasts such as light-dependent or light-triggered ATPase [2], ATP ~* Pi 
exchange [3], and the formation of ATP in the 'acid-base' reaction [4]. The 
isolated, homogeneous protein itself is a latent ATPase which can be activated 
in a number of ways. Although the treatments leading to Ca2+-ATPase activity 
in purified CFI destroy its ability to reconstitute photophosphorylation in 
CFl~lepleted chloroplasts [5], Mg2+-ATPase activity can he induced in the 
protein without destroying this ability [6]. 

Despite the fact that the same protein is apparently responsible for a number 

Abbreviations used: CFI, chloroplast coupling factor; eADP, 1-N6-ethenoadenosine diphosphate; eCDP, 
3 ,N4-ethenocytidine diphosphate,  TLC, thin-layer chromatography.  
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of varied reactions, the nucleotide specificity of the reactions differs widely 
[7,8]. Chloroplasts can phosphorylate a number of nucleoside diphosphates 
(NDPs), such as GDP, IDP, eADP and eCDP, with maximal rates over 50% that 
for ADP and apparent Michaelis constants only 2--5 times higher [2,7]. At the 
other extreme, chloroplast catalyzed ATP ~ Pi exchange is very specific, with 
other nucleoside triphosphates having activities 1% that of ATP at best [3,7,8]. 
We have suggested [ 7] that one possible explanation for these results is that the 
nature of the nucleotide binding sites of CF, varies with changes in the protein 
conformation induced by its environment, including changes in the state of 
energization of the chloroplast membrane. 

With these observations in mind, we have attempted to examine the nucleo- 
tide binding specificity of isolated CF 1. To our surprise, the binding specificity 
of non-activated CF1 from lettuce chloroplasts varies with the concentration of 
Mg 2+ ions. At Mg :÷ concentrations similar to those generally used in studies of 
photophosphorylation and the partial reactions (5 mM), the protein has two 
strong ADP-binding sites of low specificity, while in low Mg 2÷ concentrations, 
CF1 has a single, strong site highly specific for ADP. 

Materials and Methods 

Chloroplast suspensions were prepared from fresh market lettuce by stan- 
dard methods [9]. CF1 was isolated by washing the chloroplast membranes 
{500--600 ~zg/ml) with aqueous EDTA, and purified by the method of Lien and 
Racker [10] with minor modifications. The protein showed a single band on 
disc gel electrophoresis [ 11,12], and five subunits of appropriate molecular 
weight [13] upon 8DS polyacrylamide gel electrophoresis. Upon activation 
with heat, the protein showed Ca2÷-ATPase activity (method of Lien and 
Racker [10]) of 27 ~zmol Pi released/mg protein/min. A single CFI preparation 
was used to obtain all the data reported here. 

For binding measurements, portions of the CFI preparation stored as a 
suspension at 4°C in 2 M ammonium sulfate and 4 mM ATP at pH 7.1 [10] 
were chromatographed on a 1 X 16 cm Sephadex G-50 column equilibrated and 
eluted with 40 mM tricine/NaOH buffer containing 2 mM EDTA at pH 8.0. 
The protein fractions contained about 1--2 mg/ml protein, and were free of 
ammonium sulfate as judged by the Nessler test. Since the storage medium 
contained 4 mM ATP [10], the protein was examined for ATP content after 
the Sephadex G-50 column by using the luciferase assay [14]. It was found to 
contain 1 mol ADP/mol protein and <0.1 mol ATP/mol protein. The standard 
solution for binding measurements contained 0.01 M tricine/NaOH buffer, 
pH 8.0/0.01 M NaC1/1--3.10-6M CF,. Protein concentrations were deter- 
mined by the method of Lowry [15], using the correction factor of 1.15 sug- 
gested by Farron [16] and an assumed mol wt. of 325 000 [16]. 

Equilibrium dialysis experiments were carried out in lucite cells with a 
volume of 0.4 ml per half-cell, using asymmetric cellulose acetate ultrafiltration 
membranes (types 5D00 and 3B00) prepared by Dr. Melvin S. Weintraub of the 
Research and Development Authority of Ben Gurion University (Final Report 
NEG-ES-73-6). These membranes, with a very thin semipermeable layer on a 
more porous support, had much higher diffusion rates for nucleotides than 
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commercial cellulose acetate membranes,  and complete equilibration was 
obtained in 16 h. The semipermeable layer always faced the side of the cell 
containing the protein. At equilibration, duplicate 25-/~1 samples were taken 
from each side of  the cell for scintillation counting, and 25- and 50-~1 samples 
taken for protein determinations. 

Forced dialysis experiments were carried out  by the method of Cantley and 
Hammes [17] using an 8-chambered device made by the MRA Corporation 
(Boston, Mass.) on the basis of  the design of Paulus [18]. Amicon PM 30 mem- 
branes were employed.  Solutions were prepared in test tubes and incubated for 
up to 2 h before introduction into the apparatus (volume introduced 0.35 ml) 
and dialysis under  40 lb/inch 2 nitrogen pressure. 

The radioactive nucleotides [2-3H]AMP, [2-3H]ADP, [8-14C]ADP, [8-14C] - 
ATP, [U-14C]GDP, and [U-~4C]CDP were obtained as ammonium salts from the 
Radiochemical Centre, Amersham. The specific activities of  solutions diluted 
with unlabelled nucleotides were de termined for each experiment  by scintilla- 
tion counting of aliquots under the same conditions used for the analysis of  
binding results and parallel spectrophotometr ic  determinations of  concentra- 
tion. In all cases, specific activities of  5--10 • 10 ~ cpm/pmol  were used. [2-3H] - 
eADP was synthesized by reacting [2-SH]ADP with chloroacetaldehyde by the 
method  of Secrist et al. [19]. The very small sample could not  be recrystal- 
lized, and excess solvent and reagents were removed by evaporation several 
times, after addition of  distilled water. The puri ty of  the product  was ascer- 
tained in several ways. The conversion of  adenosine to 6-adenosine proceeded 
to completion according to the spectroscopic criterion of  Secrist et al. [19]. 
A sample of  the product  was chromatographed on a thin layer of cellulose 
(Merck aluminum-backed cellulose F 254), eluting with isobutyric acid/ 
concentrated NH3/water (39 : 1 : 60 v/v). Standards of  AMP, ADP, ~AMP, and 
eADP were run in parallel. Very little radioactivity was detected in the region 
where the ADP standard ran. The radioactive eADP, diluted with unlabelled 
eADP, was also chromatographed on a thin layer of polyethyleneimine-impreg- 
hated cellulose on a plastic backing (Merck) [20]. After  development,  the sheet 
was cut  into 1-cm strips and the strips counted in scintillation vials. About  
4% of  the radioactivity was contained in eAMP. 

The polyethyleneimine-impregnated cellulose TLC method was also used to 
check the radiochemical puri ty of  other  nucleotides used, as well as their stabil- 
i ty to hydrolysis under the experimental conditions. 

Results and Discussion 

The binding of  ADP and other  nucleotides to purified CF1 in solutions of 
low magnesium concentrat ion (50 p2d total added MgC12) was measured by 
equilibrium dialysis, with 16--20 h allowed for equilibration. Under these con- 
ditions (pH 8.0, 0.01 M tricine/NaOH buffer/0.01 M NaCl/1--3 • 106 M CF1 at 
20--21°C) the hydrolysis of  nucleoside diphosphates to the monophosphates  
proceeds to the extent  of  about 5--20% (as determined by ion-exchange TLC 
[20] ). This hydrolysis was corrected for in the analysis of  the data by assuming 
that  the monophosphates  have very low affinity for CF1, an assumption justi- 
fied by direct measurements  of  AMP binding. 
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Because of the uncertainty of the above-mentioned corrections for hydrol- 
ysis, the association of  ADP and CF1 was also measured by the forced analysis 
technique. Protein and ADP were incubated together in buffer for two hours 
before forcing the dialysis (largely for experimental convenience). Such a pre- 
incubation leads to insignificant hydrolysis (even at higher Mg 2÷ concentra- 
tions), but can be shown to be sufficient for complete equilibration of  the asso- 
ciation process. When identical mixtures were incubated over times from 10 
to 120 min before forcing the dialysis, the measured b/E (mol ligand bound 
per mol enzyme) was independent  of time within the limits of experimental 
accuracy. 

The association of  ADP with CFI in the presence of 5 • 10 -s M MgC12 was 
measured over a free nucleotide concentration range of 4 • 10-8--10 -s M, using 
both experimental methods.  The results of these measurements are shown in 
Fig. 1, in the form of a t i tration curve (b/E as a function of free nucleotide 
concentration).  Data from the forced dialysis technique is clearly more 
accurate, for the reasons mentioned above, and was given more consideration. 
From the ti tration curve, as well as from a Scatchard plot of the same data 
(insert in Fig. 1), it appears that  ADP is bound to CF1 in a 1 : 1 molar ratio 
under these conditions, with a dissociation constant  of about 5 • 10 -7 M. Addi- 
tional binding sites for ADP may exist at this low magnesium concentration, 
but  their dissociation constants must  be above 10 -s M and cannot be deter- 
mined by the methods used here. 

The binding of other nucleotides to CF~ in the presence of  5 • 10 -s M added 
MgC12 is very much weaker than that  of  ADP, as can be seen from the data in 
Fig. 1. The dissociation constants estimated on the basis of this data are sum- 
marized in Table I. The specificity of  nucleotide binding is unusually high, with 
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Fig. 1. Binding of  nuc leot ides  to  CF 1 in the presence  o f  5 • 10 -$ M a d d e d  MgCI 2 (pH 8.0;  10 m M  t r ic ine /  
10  m M  NaCI).  O p e n  s y m b o l s  f r o m  equ i l i b r ium dialysis e x p e r i m e n t s ,  filled s y m b o l s  f r o m  fo rced  dialysis 
(see text ) .  Circles, ADP;  t r iangles ,  e ADP ;  squares ,  CDP; hex ag o n s ,  GDP.  Inse t  is S c a t c h a r d - t y p e  p lo t  of  
ADP-b ind ing  data.  Sol id l ine in b o t h  m a i n  plot  and inset  represents  binding to  a single site w i th  K d = 
5.4 • 10 -7 M. 
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T A B L E  I 

D I S S O C I A T I O N  C O N S T A N T S  F O R  I N T E R A C T I O N  O F  N U C L E O T I D E S  W I T H  C F  1 

Constants  are e s t i m a t e d  f r o m  the  data  o f  F ig .  1 - -3 ,  based on  equi l ibr ium dialysis  and forced  dialysis  ( p H  

8 .0 ,  1 0  m M  t r i c i n e ,  1 0  m M  NaC1). 

N u c l e o t i d e  

D i s s o c i a t i o n  c o n s t a n t  (M) 

5 • I0 -s M MgCI 2 (1 site) 5 • 10 -3 M MgCI 2 (2 sites) 

A D P  (5  +- 1) • 1 0  - 7  (4  -+ 1) • 10  - 7  

e A D P  a p p r o x .  1 - -2  • 10  - s  a p p r o x .  8 • 10  -7  

G D P  />2 • 1 0  - s  a p p r o x .  2 • 1 0  -5  

C D P  > 1 0  --4 a p p r o x .  2 • 1 0  -6  

A M P  ) 1 0  "4 a p p r o x .  1 - -3  • 10  -5  

even eADP apparently binding 50 times more weakly than ADP itself. 
Since eADP is a good analog of  ADP in many enzymic reactions [21] ,  

including chloroplast photophosphorylat ion [7] ,  we considered the possibility 
that the poor binding of  eADP to CF1 Observed at low magnesium concentra- 
tion might be an artifact due to inhibition of  the protein by impurities in our 
preparation of  [2-3H]eADP. In order to rule out  this possibility, we carried out  
a competi t ion experiment in which approximately equal amounts  o f  ADP and 
eADP were incubated with CF1 simultaneously in the same equilibrium dialysis 
cells, and the results compared with experiments in which each nucleotide was 
present separately (Table II). As can be seen, the results are in accord with 
competi t ion by the two nucleotides for the same site (although they do not  
prove that the same sites are involved) and show that the results o f  Fig. 1 are 
due to a difference of  some 30-fold in the affinity of  the protein for the two 
nucleotides and not  to any 'poisoning' of  the protein by impurities in the eADP. 

The above results imply that at very low added MgCI~ concentrations, CFI 
contains a single site of  high affinity for ADP which is highly specific for the 
adenine moiety,  and perhaps derives most  of  its affinity from interactions 
between the base and the protein. It should be pointed out  that because the 
analysis mixtures contained about 0.5 mM EDTA (residual from Sephadex 

T A B L E  I I  

B I N D I N G  C O M P E T I T I O N  B E T W E E N  A D P  A N D  e A D P  

Equi l ibr ium dialysis  e x p e r i m e n t ,  c o n d i t i o n s  as i n  F ig .  1. 

E x p e r i m e n t  E t o t a  l Ligand ( ~ M )  b / E  

(~uM) 
Bou n d  Free  

b/E, expected * 

1. [14 C ] A D P  3 . 8 6  3 . 1 2  2 .01  0 . 8 0 7  0 . 8 0 1  

2. [3 H ] e A D P  2 . 8 8  0 . 5 7 5  4 . 3 8  0 . 2 0 0  0 . 2 2 6  

3.  [ 1 4 C ] A D P  2 . 7 9  3 . 2 5  0 . 7 7 4  0 . 8 2 9  
+ [ 3 H ] e A D P  3 . 5 9  0 . 1 9 9  5 . 1 5  0 . 0 5 5  0 . 0 4 4  

* E x p e c t e d  m o l e s  l igand b o u n d / t o t a l  e n z y m e  c o n c e n t r a t i o n  assuming c o m p e t i t i o n  for  the  s a m e  s i te ,  w i t h  
K d f o r  A D P  = 5 • 1 0  -7  M and for  e A D P  = 1 .5  • 10  -5 M,  and the  given free l igand c o n c e n t r a t i o n s .  
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G-50 desalting of  the protein, see Materials and Methods), the free Mg 2+ 

concentration can be calculated as being less than 3 • 10 -s M [22]. The nucleo- 
tides in solution are thus almost entirely present in their free form, as opposed 
to Mg complexes, although one can not  rule out  the possibility that  the pro- 
tein's binding site has a sufficiently high affinity for Mg 2+ [23] to bind signifi- 
cant amounts  of  Mg 2+ under these conditions. 

We must also consider the possibility that  the observed binding of  labeled 
nucleotides involves exchange with the mol of  tightly bound ADP isolated with 
the protein under our conditions. While the experiments cannot rule this out, 
the time course of binding does not  seem to fit the slow exchange rate of  the 
tightly bound nucleotide, and we have not  detected the expected systematic 
deviations from the titration curve at low added nucleotide concentrations 
which such an exchange would show. What is important  to note is that,  
whether or not  the binding of  labelled nucleotides involves exchange with 
' t ightly bound ADP', it involves a site which is highly specific for the adenosine 
moiety.  

The association of nucleotides with CFI in the presence of 5 • 10 -3 M added 
MgC12 has also been examined by the same methods.  From Fig. 2 it can be seen 
that  under these 'high magnesium' conditions, the protein appears to have more 
than one strong binding site for ADP. While we cannot  rule out  the possibility 
that  there are three such sites, the data appear to be fit best by a theoretical 
line for two identical, independent sites with a dissociation constant  of about 
4 • 10 -7 M. A Hill plot of  the data (not shown) has a slope of one, confirming 
a lack of  interaction between the sites. 

Fig. 3 presents the data for the binding of other nucleotides to CF1 in the 
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Fig .  2.  B i n d i n g  o f  A D P  t o  C F  1 i n  t h e  p r e s e n c e  o f  5 • 1 0  -3  M a d d e d  MgCI  2 (pH  8 .0 ,  1 0  m M  t r i c i n e ,  
1 0  m M  NaCI) .  O p e n  c irc les  f r o m  e q u i l i b r i u m  d i a l y s i s  e x p e r i m e n t s ,  f i l l e d  c i rc les  f r o m  f o r c e d  d i a l y s i s  

(see t e x t ) .  Inse t  is S c a t c h a r d - t y p e  p l o t  o f  s a m e  data.  S o l i d  l i n e  i n  each  p l o t  r e p r e s e n t s  b i n d i n g  t o  t w o  
i d e n t i c a l  n o n - i n t e r a c t i n g  s i tes  w i t h  K d = 3 . 5  • 1 0  -7  M. 

F ig .  3. B i n d i n g  o f  n u c l e o t i d e s  o t h e r  t h a n  A D P  t o  C F  1 i n  the  p r e s e n c e  o f  5 • 1 0  -3  M MgCI 2 (by  e q u i l i b -  
r i u m  d i a l y s i s ,  as in Fig .  2) .  T r i a n g l e s ,  e A D P ;  squares ,  CDP;  h e x a g o n s ,  G D P ;  i n v e r t e d  t r i a n g l e s ,  A M P .  

A :  t h e o r e t i c a l  c u r v e  f o r  A D P  b i n d i n g  as in Fig .  2. B :  t h e o r e t i c a l  curve  for  b i n d i n g  to  t w o  i d e n t i c a l  s i tes ,  

K d = 2 • 1 0  -6  M. C:  c u r v e  f o r  2 s i tes ,  K d = 2 • 10  -5  . 
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presence of  5 • 10 -2 M added MgC12, and includes for comparison the 'theoreti- 
cal line' for ADP binding (A). In sharp contrast  with the results with a much 
lower MgC12 concentrat ion,  the various nucleoside diphosphates tested are 
quite similar in affinity to ADP under these conditions (e.g., ADP and CDP 
differ by only 5-fold). The approximate dissociation constants are summarized 
in Table I. The tight nucleotide sites of  CF1 are thus not  specific for the base 
moiety  of  the nucleotide in the presence of  5 • 10 -3 M MgC12. 

Cantley and Hammes have previously determined that CFI (in its latent ATP- 
ase form) has two independent  binding sites for ADP in the presence of  2 mM 
Mg 2÷, with K d of  about  1.8 • 10 -6 M [24].  They also found that these sites bind 
eADP with a similar affinity. Girault et al. made similar observations on ADP- 
binding [25] in the presence of  20 mM Mg 2÷. It has been reported by  others 
[27] that  the pattern of  binding sites for ADP and ATP is affected by Mg 2÷ 
concentrations. 

The tight nucleotide sites observed here in the presence of  5 mM Mg 2÷ have 
the same sort of  specificity observed in chloroplast photophosphoryla t ion 
[2,7] : while ADP is apparently the 'best '  ligand, other  nucleoside diphosphates 
are only slightly poorer.  The presence of  a single, tight nucleotide site of  quite 
different specificity under a diffferent set of  conditions (very low Mg 2÷ concen- 
tration) is intriguing (and reminiscent of  the highly base-specific partial reac- 
tions, e.g. ATP ~ Pi exchange [3,7,8]).  One trivial explanation could be that  
the sites in question are totally unrelated. The non-specific sites at high Mg 2÷ 
concentrat ion may derive much of  their nucleotide affinity from a pyro- 
phosphate-divalent cation-protein bridge and thus be 'tight' sites only in the 
presence of  sufficient cation concentrations.  The specific site observed at 5 • 
10 -s M added MgCl2 might be only coincidentally of  similar ADP affinity and 
be blocked in the presence of  higher magnesium concentrations.  

An interesting alternative explanation is that  the sites involved are the same 
sites, showing different properties because of  local or general changes in CF~ 
as a result of  magnesium binding. The 'single' ADP site observed at low Mg 2÷ 
might reflect strong negative cooperativi ty between two potential sites under 
these conditions. While extreme changes in the divalent cation concentration 
are not  relevant to the function of  CF~ in chloroplast membranes,  if this expla- 
nation is correct it does reflect the capacity of  the protein to undergo changes 
in the properties of  its nucleotide binding sites in response to its environment. 
Such changes were suggested as a possible explanation for the varied specificity 
of  the reactions presumably catalysed by CF~ [7]. 

In the accompanying paper, we present data on the kinetics of  nucleotide 
interactions with CF, (albeit a preparation of  a different sort). These data sug- 
gest that  the tight binding sites of  CF1 may be the catalytic sites. In addition, 
the data demonstrate  another way in which the properties of  the binding sites 
of  this complex enzyme may be altered. Such effects are of  general interest in 
light of  the suggestion that conformational  changes in coupling proteins may be 
intimately involved in energy transduction (e.g. ref. 26). 
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