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SUMMARY 

Spinach chloroplasts were able to photophosphorylate the ADP analog a,fl- 
methylene adenosine 5'-diphosphate (AOPCP). Phosphorylation of AOPCP was 
catalyzed by chloroplasts that were washed or dialyzed to remove free endogenous 
nucleotides. In the presence of glucose, hexokinase, AOPCP and 3zP i, the 3zp label 
was incorporated into ct,fl-methylene adenosine 5'-triphosphate (AOPCPOP). 

In contrast to photophosphorylation of AOPCP, the ATP analog AOPCPOP 
was a poor substrate for the ATP-Pi exchange reaction and its hydrolysis was neither 
stimulated by light and dithiothreitol nor inhibited by Dio-9. 

Photophosphorylation of AOPCP was inhibited by the a,fl- and fl,7-substituted 
methylene analogs of ATP, while phosphorylation of ADP was unaffected by them. 
The ATP-P i exchange was also unaffected by both ATP analogs, while the weak 
AOPCPOP-P i exchange was inhibited by the fl,~,-methylene analog of ATP. 

Direct interaction of methylene analogs with the chloroplast coupling factor 
ATPase was indicated by the enzymatic hydrolysis of AOPCPOP on polyacrylamide 
gels. 

INTRODUCTION 

Previously we used the ADP analog ~t,fl-methylene adenosine 5'-diphosphate 
(AOPCP, Fig. 1) in an attempt to determine whether ADP undergoes a transphosphor- 
ylation to AMP and ATP during photophosphorylation as proposed by Roy and 
Moudrianakis [1, 2]. It was found that AOPCP can serve as a substrate for photo- 
phosphorylation [3] and that the reaction resembles the phosphorylation of ADP 
in its requirement for MgCI2 and phenazine methosulfate to obtain full activity [4]. 
The two reactions also had a similar pH optimum and a similar sensitivity to the 
energy transfer inhibitor Dio-9 and the uncoupler NH4C1 [4]. While these results 
indicated that photophosphorylation of AOPCP occurred in the same manner as that 

Abbreviations: AOPCP, cqfl-methylene adenosine 5'-diphosphate; AOPCPOP, ~t,fl-methylene 
adenosine 5'-triphosphate; AOPOPCP, fl,7-methylene adenosine 5'-triphosphate; TES, tris (hydroxy- 
methyl) methylaminoethane sulfonic acid. 



136 

0 0 
II II 

ADENOS INE -5'-O-~-CH2-~-OH 

OH OH 

a,B-methylene adenosine 5'-diphosphate 

0 0 0 
II II lJ 

ADENOSIL~E -5'-O-P-CH~-P-O-P-OH 

OH OH OH 

a,B-methylene adenosine 5'.triphosphate 

0 0 0 
Jl 11 II 

ADENOSINE -5' -O-P-O-P-CH.-P-OH 
I I ~I 
OH OH OH 

~,y-methylene adenosine 5'-triphosphate 

Fig. 1. The methylene diphosphonate analogs of ADP and ATP used. 

of ADP, they did not exclude the possibility that the phosphorylation of the analog 
was mediated by endogenous nucleotides. Thus the major objective of the present 
study was to determine whether endogenous nucleotides were required for the reaction 
to proceed. 

The results presented show that AOPCP is photophosphorylated directly by 
the photosynthetic membranes of chloroplasts without the involvement of free 
endogenous nucleotides. In contrast to photophosphorylation of AOPCP, the ATP 
analog AOPCPOP was found to be a poor substrate for the ATP-P i exchange and 
ATPase activities which are considered to be partial reactions of photophosphoryla- 
tion. 

MATERIALS AND METHODS 

Chloroplast preparation andphotophosphorylation. Spinach chloroplasts were prepared 
in 0.4 M sucrose containing 40 mM TES/NaOH and 0.2 ~ fatty acid poor bovine 
serum albumin at pH 8 as described previously [3]. For most experiments the chloro- 
plasts used were supplemented with 25 ~ glycerol and stored in liquid nitrogen [3] 
for periods of up to 18 months without loss of activity. For some experiments freshly 
prepared plastids were washed with 10 mM NaC1, or frozen plastids were thawed and 
dialyzed against 10 mM NaC1 and acid-washed Norit charcoal (1 g/l) to remove en- 
dogenous nucleotides. Photophosphorylati0n of ADP or AOPCP was measured as 
described previously [41 using 2 mM ADP or AOPCP as substrate. 

Photophosphorylation in presence ofhexokinase. The design of the experiment 
was similar to that described by Bennun and Avron [5]. Freshly prepared chloroplasts 
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were washed twice with 10 mM NaC1 and aliquots containing 100 pg chlorophyll 
were incubated in a volume of 3 ml at pH 8 with: 300/~mol TES/NaOH, 15 pmol 
MgCI2, 9 #mol sodium [a2p]phosphate, 3 mg fatty acid poor bovine serum albumin, 
90 nmol phenazine methosulfate, 50/~mol glucose, 6 Flmol of ADP or AOPCP and 
100 units of dialyzed yeast hexokinase where indicated. After 5 min of illumination 
0.2 ml of 60 ~ trichloroacetic acid was added and the precipitate was removed by 
centrifugation. A 0.5-ml aliquot of the supernatant was used for determination of 
total esterified phosphate (organic 32p) by isobutanot benzene extraction [6]. Another 
2-ml aliquot was mixed with 0.1 g of acid-washed Norit charcoal and the charcoal 
centrifuged down. 1 ml of this supernatant was used for determination of esterified 
phosphate (glucose 6-[32p]phosphate). The charcoal was washed three times with 
water, suspended in 2 ml of 1 M HC1 and heated for 7 min on a boiling water bath. 
After centrifuging down the charcoal, an aliquot of the supernatant (1 ml) was count- 
ed to obtain a measure of phosphate esterified into nucleotide triphosphate. 

ATP-Pi exchange. The ATP -32P i exchange was measured under conditions simi- 
lar to those described by Shavit [7] and McCarty and Racker [8]. The incubation mix- 
tures contained in 0.8 ml at pH 8: 100pmot TES[NaOH, 5 pmol MgC12, 30nmol phen- 
azine methosulfate, 10/lmol dithiothreitol and chloroplasts (58/~g of chlorophyll). After 
5 min at 20 °C and 40 000 lux of incandescent light, the light was switched off and 
0.2 ml of a solution containing 2 #mol sodium [32p]phosphate and 2/~mol of ATP 
were added. After a 15 min dark incubation, 0.1 ml of 30 ~o trichloroacetic acid was 
added. The denatured plastids were removed by centrifugation, dithiothreitol was 
oxidized by H20 2 and the esterified a2p determined according to Nielsen and Leh- 
ninger [6]. 

ATPase activity. The light- and dithiothreitol-activated ATPase activity of 
spinach chloroplasts was measured as described previously [9] using 5 mM ATP or 
AOPCPOP as substrate. 

Chlorophyll determination. Chlorophyll concentration was measured in 80 
acetone extracts of chloroplasts using the equation of MacKinney [10]. 

Chemicals. The nucleotide analogs AOPCP, AOPCPOP and AOPOPCP were 
purchased from Miles Laboratories, ADP, ATP and yeast hexokinase (Type C-301, 
suspension in (NH4)2SO4) from Sigma and fatty acid poor bovine serum albumin was 
from Calbiochem. Dio-9 was a generous gift from Dr. R. D. Hill, Plant Science 
Department, University of Manitoba. 

RESULTS 

Photophosphorylation 
In order to show that photophosphorylation of AOPCP is not due to contami- 

nation of this compound by ADP, small amounts of AOPCP were chromatographed 
on cellulose as well as on polyethyleneimine-cellulose thin-layer sheets. Chromatog- 
raphy on cellulose sheets with the solvent system isobutyric acid/concentrated am- 
monia/water (66 : 1 : 33, v/v) [11 ] separated AOPCP from ADP, but the two nucleo- 
tides ran close to each other (R v = 0.56 and 0.46, respectively). On polyethylene- 
imine-celullose sheets [12] the separation of AOPCP and ADP was very good 
(R v = 0.71 and 0.44, respectively) when 1.0 M LiC1 was used for development. In 
either case there was no detectable contamination of AOPCP by ADP. These methods 
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Fig. 2. Time course of photophosphorylation of AOPCP. Each incubation mixture contained 92/~g 
chlorophyll and 6 / ,mo l  A O P C P  in a volume of 3 ml. 

could reveal 5 ~ or more ADP contamination in AOPCP. Furthermore, experiments 
of Horak and Barton [13] on the effects of AOPCP on blood platelet aggregation 
indicated that AOPCP (Miles Laboratories) does not contain any ADP. Their assay 
is very sensitive to ADP and would reveal less than 1 ~ of ADP contamination in 
AOPCP. 

Approx. 30 ~ of the AOPCP added was phosphorylated in 30 rain of incuba- 
tion with chloroplasts containing 92 #g of chlorophyll (Fig. 2). Over 50 ~ of added 
AOPCP was phosphorylated in the same period by plastids containing 184/~g 
chlorophyll. Since such a large amount of nucleotide was phosphorylated and there 
was no evidence of ADP contamination of AOPCP it is evident that the nucleotide 
phosphorylated was AOPCP itself. 

The previously reported experiments on photophosphorylation of AOPCP 
were all performed with plastids prepared in sucrose/TES/bovine serum albumin 
medium and stored in liquid nitrogen [3, 4]. Such chloroplasts may contain endoge- 

TABLE ] 

P H O T O P H O S P H O R Y L A T I O N  OF A D P  A N D  A O P C P  BY V A R I O U S  C H L O R O P L A S T  PRE- 
P A R A T I O N S  

The following chloroplast preparations were used: ], plastids prepared in 0.4 M sucrose containing 
40 m M  T E S / N a O H  and 0.2 7oo fatty acid poor bovine serum albumin at p H  8 and stored in liquid 
nitrogen [3]; 11, plastids freshly prepared as in ]; IlI ,  plastids freshly prepared as in I and washed 
once with 10 m M  NaCI; 1V, plastids prepared and stored as in l,  but after thawing dialyzed for 20 h 
against two changes of 10 mM NaCl  and acid-washed Norit charcoal (1 g/l). 

Chloroplast PI esterified A O P C P  
preparation (ktmol/mg chloro- AD--~ ratio 

phyll per h) 

ADP A O P C P  

I 670 68 0.101 
11 650 75 0.115 

III 830 84 0.101 
1V 199 24 0.121 
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TABLE II 

EFFECT OF ADP ON PHOTOPHOSPHORYLATION OF AOPCP BY DIALYZED PLASTIDS 

Chloroplast preparation IV (Table I) was used. Chloroplasts contained 55 #g chlorophyll. The 
volume was 3 ml and the incubation time 5 rain. 

Nucleotide added Pl esterified 
(nmol/test tube) 

1. 2 m M ADP 910 
2. 2 mM AOPCP 109 
3. 1 0 # M ADP 28 
4. 2 mM AOPCP+10 /~M ADP 136 

4 minus 3 108 

nous nucleotides which could be phosphorylated first. In a subsequent reaction, 
these phosphorylated nucleotides could phosphorylate AOPCP. The latter reaction 
might even be catalyzed by an enzyme not associated with photosynthetic lamellae. 

To determine if endogenous nucleotides were involved in the phosphorylation 
of AOPCP we used a variety of spinach chloroplast preparations and followed the 
photophosphorylation of ADP and AOPCP by them (Table I). Washing of plastids 
with 10 mM NaC1 should have removed free endogenous nucleotides and enzymes 
not associated with chloroplast lameUae. However, there was no decrease in phos- 
phorylation of AOPCP (preparation III). Furthermore, even 20 h of dialysis against 
10 mM NaCI and charcoal (preparation IV) did not eliminate the ability of the 
plastids to phosphorylate AOPCP. The AOPCP to ADP ratio remained fairly constant 
in all these types of chloroplast preparations suggesting that AOPCP is pho~phorylated 
directly by the photosynthetic membranes and the reaction is not mediated by en- 
dogenous nucleotides. This finding was substantiated by the observation that the ad- 
dition of low concentrations of ADP (10/~M) did not stimulate photophosphorylation 
of AOPCP (Table II). 

TABLE |1I 

EFFECT OF HEXOKINASE ON PHOTOPHOSPHORYLAT1ON OF ADP A N D  AOPCP 

Details of the experiment are given in Materials and Methods. 

Nucleotide Hexokinase Pl esterified 
~ m o l / m g  chlorophyll per h) 

Organic a2p a2p-labeled nucleotide glucose 6-[a2P]phosphate 
triphosphate 

- - -  0 2 0 

- q -  1 0 0 

ADP -- 696 692 9 
ADP -t- 889 7 868 
AOPCP -- 73 69 0 
AOPCP 4- 74 65 2 
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TABLE IV 

EFFECT OF METHYLENE ANALOGS OF ATP ON PHOTOPHOSPHORYLATION OF 
ADP AND AOPCP 

Chloroplasts (38/~g chlorophyll) were incubated in a volume of I ml. Concentration of all nucleotides 
was 2 raM. Figures in parentheses indicate percent activity of ADP phosphorylation. 

Nucleotide Pl esterified Activity (%) 
(/~mol/mg chlorophyll per h) 

ADP 551 100 
ADP+AOPCPOP 537 97 
ADP +AOPOPCP 590 107 

AOPCP 61 100 (11) 
AOPCP÷AOPCPOP 38 62 ( 7) 
AOPCP÷AOPOPCP 39 64 ( 7) 

The conclusion that photophosphorylation of AOPCP is direct, rather than 
mediated by free endogenous nucleotides was further supported by the experiments 
in which photophosphorylation of ADP and AOPCP was carried out in the presence 
of excess hexokinase and glucose (Table III) .  When ADP was used as substrate in the 
presence of hexokinase and glucose the esterified 32p was found in glucose 6-phos- 
phate. In contrast when AOPCP was used as substrate, the 3Zp label remained in the 
nucleotide fraction. This indicated that photophosphorylation of AOPCP was not 
mediated by free endogenous ATP since in such a case the hexokinase would have 
trapped the 32p label in glucose 6-phosphate. Unlike ATP, AOPCPOP could not 
serve as a substrate in the hexokinase reaction (we observed no N A D P  reduction 
with hexokinase and glucose 6-phosphate dehydrogenase in presence of AOPCPOP) 
and the 32p label therefore stayed in AOPCPOP. 

From these results it appeared that phosphorylation of AOPCP may occur 
in the same manner and at the same site as that of  ADP. As a further test of this the 
sensitivity of  photophosphorylation of ADP and AOPCP to inhibition by a, fl- and 
fl, ?-methylene analogs of  ATP was studied. It can be seen from Table IV that photo- 
phosphorylation of AOPCP was inhibited equally by both methylene analogs of  ATP, 
resulting in about 30--40 % inhibition when their concentration was 2 raM. At the 
same concentration, there was no inhibition of ADP phosphorylation. This could be 
due to the higher affinity of  ADP to the photophosphorylation system [4] or due to a 
difference in the sites of  interaction of  the methylene analogs and of ADP with the 
chloroplasts. 

ATP-Pi exchange 
It is assumed that the light- and dithiothreitol-activated ATP-Pi exchange in 

chloroplasts represents a partial reaction of photophosphorylation [8]. Since AOPCP 
serves as a substrate in the photophosphorylation reaction, one could expect the prod- 
uct of  this phosphorylation, AOPCPOP, to be able to take part  in an AOPCPOP-PI 
exchange reaction. The fl, ?-analog AOPOPCP, on the other hand, should not take 
part  in the exchange reaction due to the stability of  the P-C-P bond. It could, how- 
ever, act as an inhibitor of  the AOPCPOP-PI and ATP-P~ exchange. Results in 
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TABLE V 

EFFECT OF METHYLENE ANALOGS OF ATP ON THE ATP-3zPI EXCHANGE REACTION 

The concentration of all nucleotides was 2 raM. Figures in parentheses indicate percent activity of 
ATP-PI exchange. 

Nucleotide PL exchanged Activity (%) 
Q~mol/mg chlorophyll per h) 

ATP 13.6 100 
A T P + A O P C P O P  14.1 104 
ATP + AOPOPCP 13.9 102 

AOPCPOP 0.16 100 (1.2) 
AOPCPOP+AOPOPCP 0.05 31 (0.4) 

AOPOPCP 0 

Table V showed that the exchange activity with AOPCPOP was only about 1% 
of the activity with ATP. q'his weak exchange was inhibited by AOPOPCP which 
itself did not react in the exchange reaction at all. Neither of  the methylene analogs 
had any effect on the ATP-Pi exchange. As in the case of photophosphorylation, 
this could be due to lower affinity of the analogs to the sites involved in the exchange 
or due to an interaction with a site different from the site for ATP. 

ATPase activity 
Another chloroplast activity which seems to be closely related to the photo- 

phosphorylation process is the light- and dithiothreitol-activated ATPase [8]. We, 
therefore, tested whether the ATP analog AOPCPOP could serve as a substrate in 
this reaction. The results are shown in Table VI. The hydrolysis of ATP was five 
times faster after activation by light and dithiothreitol than in the dark and it was 
inhibited strongly by the energy transfer inhibitor Dio-9. In contrast, the hydrolysis of  
AOPCPOP was neither stimulated by light and dithiothreitol nor inhibited by Dio-9. 

TABLE VI 

ATPase ACTIVITY WITH ATP AND AOPCPOP 

Chloroplasts containing 58 and 115 #g chlorophyll were used in experiments with ATP and 
AOPCPOP, respectively. Figures in parentheses indicate percent activity of the light- and dithiothreitol- 
activated hydrolysis of ATP. 

Substrate Conditions Pl released Activity (%) 
(/~mol/ml chlorophyll per h) 

ATP Light, dithiothreitol 35 100 
ATP Light, dithiothreitol, 3.5 10 

Dio-9 (2.9 #g/ml) 
ATP Dark, no dithiothreitol 6.5 19 
AOPCPOP Light, dithiothreitol 4.6 100 (13) 
AOPCPOP Light, dithiothreitol, 4.8 104 (14) 

Dio-9 (5.8/tg/ml) 
AOPCPOP Dark, no dithiothreitol 4.6 100 (13) 
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In view of  these differences it was unclear whether the hydrolysis o f  A O P C P O P  was 
catalyzed by the coupling factor /ATPase which is known to be responsible for the 
light- and dithiothleitol-activated ATPase o f  chloroplasts [8]. Therefore an experi- 
ment to find out  whether the coupling factor /ATPase can catalyze hydrolysis o f  
A O P C P O P  was conducted.  

It  was shown previously [14] that the coupling factor /ATPase present in 
E D T A  extracts of  chloroplasts can be localized on polyacrylamide disc clectrophoresis 
gels by staining specifically for ATPase  activity. Because crude E D T A  extracts o f  
plastids might contain besides the coupling factor  other enzymes capable o f  
A O P C P O P  hydrolysis, demonstrat ion o f  A O P C P O P  hydrolysis by this staining 
technique was used rather than measuring its hydrolysis directly in crude E D T A  
extracts. It was found that the enzyme was capable o f  hydrolyzing A O P C P O P  

Fig. 3. ATPase activity in EDTA extracts of chloroplasts electrophoresed on polyacrylamide gels. 
Chloroplasts were washed twice with 10 mM NaCI to remove soluble proteins and the ATPase was 
extracted by 0.75 mM EDTA [81. The EDTA extract was concentrated, electrophoresed and stained 
for ATPase activity as described previously [14] using 5 mM ATP or AOPCPOP as substrate. The 
gels were photographed after 6 days in the staining solution. 
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(Fig. 3). However, this reaction was much slower than that with ATP. The ATPase 
band was discernible after about 1 hin the staining solution containing ATP. In contrast 
with AOPCPOP the band became visible only the second day after the staining was 
started Nevertheless, the results indicated that AOPCPOP can interact directly with 
the coupling factor/ATPase. 

DI SCUSSION 

It has been shown that chloroplasts are able to photophosphorylate a whole 
range of nucleotide diphosphates including ADP, GDP, IDP, UDP and CDP [5], 
as well as the fluorescent ADP analog ethenoadenosine diphosphate [ 15]. All of these 
nucleotides are modified in the heterocycle moiety when compared to ADP. Our 
observation that chloroplasts can also phosphorylate AOPCP extends the specificity 
range of the photophosphorylation reaction to a nucleotide modified in the diphos- 
phate side chain. 

It is still not clear whether the phosphorylation of ADP analogs proceeds in 
the same manner as that of ADP. To resolve this the following three alternatives 
need to be examined. Firstly, the analogs are phosphorylated directly by chloroplasts 
without involvement of endogenous adenine nucleotides. Secondly, the analogs are 
phosphorylated via adenine nucleotides which are firmly bound to the photosynthetic 
membranes and act as coenzymes in phosphorylation. Thirdly, the analogs are phos- 
phorylated via free endogenous adenine nucleotides in a reaction catalyzed by nucleo- 
tide diphosphokinase. 

At present the last of these three alternatives has been eliminated. Thus 
phosphorylation via free endogenous adenine nucleotides can be excluded in the case 
of AOPCP (Tables I-III), GDP [5] and probably also IDP, UDP and CDP [5]. 
The resolution of the other two alternatives is more difficult. Should AOPCP be 
phosphorylated directly at the active site of the coupling factor protein, then the 
proposed transphosphorylation reaction involving two ADP molecules [1, 2] could 
be ruled out. On the other hand, should the phosphorylation of AOPCP occur only 
via firmly bound adenine nucleotides, the involvement of a transphosphorylation 
mechanism in photophosphorylation will still not be resolved. 

Adenine nucleotides have been shown to bind strongly to the mitochondriai 
and chloroplast coupling factor [1, 16, 17] and evidence has been presented for their 
involvement in phosphorylation of substrate ADP [18, 19]. Direct interaction of 
AOPCP with the spinach chloroplast coupling factor was observed by Girault et al. 
[20] using circular dichroism. In our experiments, direct interaction of AOPCPOP 
with the coupling factor/ATPase was suggested by its hydrolysis on polyacrylamide 
gels (Fig. 3). 

In contrast to photophosphorylation of the ADP analog, the ATP analog 
AOPCPOP did not resemble ATP in its interaction with the ATP-P i exchange and 
the light- and dithiothreitol-activated ATPase systems of spinach chloroplasts (Tables 
V and VI). It is interesting to compare these results to those obtained by Sahak et ai. 
[15] with the ethenoadenosine analogs. They observed that ethenoadenosine diphos- 
phate was a good substrate for photophosphorylation while ethenoadenosine tri- 
phosphate was a poor substrate for the ATPase and an even worse substrate for the 
exchange reaction. Results of both studies suggest that the sites involved in photo- 
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phosphorylation might be different from those involved in the ATP-Pi exchange and 
in ATPase activity. 
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