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1. Introduction 

In [l-3] we reported on the properties of base- 
modified and phosphate chain-modified ADP analogs 

to serve as phosphoryl acceptors in photophosphoryl- 
ation of isolated chloroplasts. Here, we extend the 
approach of mapping the ADP binding site of chloro- 

plast ATP synthase by using substrate analogs to the 
action of ribose-modified nucleotides. 

We know that the ADP molecule exhibits recogni- 
tion centers in the heterocycle and in the diphosphate 
part [l-3] and that an intact pentofuranose ring is a 
prerequisite of the molecule in photophosphorylation 
[3]. Here, the effects of substituent modifications in 
C-2’ and C-3’ positions of the sugar moiety were inves- 
tigated. We show that neither of the two hydroxyl 
groups is essential for ADP binding and phosphoryla- 
tion. In accordance with [4-61, introduction of an 
electron-withdrawing group into C-3’ position yields 
ADP analogs which are powerful inhibitors of ADP 
phosphorylation. The results suggest that free rota- 
tion of the base around the N-glycosidic linkage as 
well as rotation around the C-4’-C-5’ bond and 
pseudo-rotation of the ribose ring are essential fea- 
tures of the nucleotide molecule with regard to recog- 
nition and catalysis by the active site of the enzyme. 

2. Experimental 

Chloroplasts from spinach leaves were prepared as 
in [7]. Photophosphorylation measurements were 
done as in [8]. The reaction medium contained 25 mM 
Tricine buffer (pH 8.0) 50 mM NaCl, 5 mM MgC12, 
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5 mM 32Pil 50 PM phenazine methosulfate (PMS) and 
the nucleoside diphosphates at varying concentra- 
tions; chlorophyll was -25 pg/ml. The illumination 
time was 5 s at a light intensity of 0.13 W/cm2 (white 
light). 

Chemical syntheses of the nucleoside 5’-diphos- 
phates (table 1) were performed as follows: 2’,3’- 
methoxymethylidene ADP was prepared from ADP 
by reaction with trimethyl orthoformate according to 
[9]. rro ADP was synthesized as in [IO]. The nucleo- 
side diphosphates 3’-dADP and 3’-O-methyl-ADP 
were generated from the appropriate nucleosides in a 
one step reaction using POC13 in trimethylphosphates 
[ 1 la] and 2’d,3’-tosyl- as well as 2’,3’-dideoxy-2’-,3’- 
didehydro-ADP were generated from the appropriate 
nucleosides in a one step reaction using POC13 in ace- 
tonitrile [ 11 b]. The nucleoside diphosphates were iso- 

lated from the reaction mixture by DEAE-cellulose 
chromatography (3 X 50 cm) using a linear triethyl- 
ammonium bicarbonate gradient (O-O.4 M, 3 1) 
3’d,3’-amino adenosine was a gift of Dr Morr (GBF 
Braunschweig) to H. W. and was phosphorylated 
enzymatically to the appropriate 5’-diphosphate 
according to [12].3’d,3’-Azido-xyloadenosine was 
prepared as in [ 131, chemically phosphorylated to the 
corresponding 5’-diphosphate and subsequently 
reduced to the 3’d,3’-amino derivative by catalytic 
hydrogenation (Pd/Norit). 3’d,3’-N-acetyl-ADP was 
synthesized following the method used for the prepa- 
ration of the bromoacetyl derivative of ADP [ 141. 
The diphosphate moiety was identified by 31P NMR 
spectroscopy (Bruker WP 60 DS, 60 MHz) and showed 
two groups of signals. The resonances centered at 
6 = -6 (dJ = 20 Hz) for P2 and -11 (d,J = 20 HZ) 
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ppm for Pl upfield to 85% H3P04 as external stan- 
dard. 2’d,3’-tosyl- as well as 2’,3’-dideoxy-2’,3’- 
didehydro adenosine were prepared according to 
]15]. All other nucleoside diphosphates and enzymes 
used were commercially available from Boehringer 
(Mannheim). 2’,3’-Dideoxy-ADP and 2’0methyl 
ADP were prepared from the corresponding 5’.tri- 
phosphates (P-L Biochemicals, Milwaukee WI) by 
treatment with hexokinase (EC 2.7.1.1) as in [3]. 
3’0Methyladenosine was a gift from Dr J. W. Daly 
(NIH, Bethesda MD). 

3. Results and discussion 

The kinetic parameters K, and I’,, for the 
employed ADP analogs were determined under com- 
parable experimental conditions using PMS as a medi- 
ator of a cyclic electron-transport system. Neverthe- 
less, Km and V,, varied considerably from experi- 
ment to experiment, in particular if chloroplasts from 
winter and summer spinach were compared. There- 
fore in every experiment a concentration curve with 
ADP was run as a control and the relative Vmax and 
Km values, respectively, were computed according 
to [16]: 

rel‘ ‘max (NuDP) = ‘max (NuDP)lvmax (ADP) 

rel- Km = Km (NuDP) . vmax (ADP)iKm (ADP) 

‘m, (NuDP) 

The relative Km values can be taken as approximate 
measures for the affinities of the substrate analogs to 
the active site of ATP synthase 12,161. If an analog 
was found to be not a substitute for ADP in phos- 
phorylation, its competitive effect on ATP synthesis 
was tested. The app. f(i values are noted in table 1. 

According to the obtained results shown in table 1, 
the ribose-modified ADP analogs may be subdivided 
into 3 classes: 

(1) 

(2) 

(3) 

Compounds which act as substrates instead of 
ADP (l-4,6,8,9,12,13); 
Compounds which are not substrates but com- 
petitive inhibitors of ADP phosphorylation 
(11,14,15); 
Compounds which are neither substrates nor 
inhibitors (5,7,10). 

Substitution of the 2’- or 3’-hydroxyi-groups or 
both by hydrogen neither affects the app. Km nor the 
Vmax value. Methylation of either of the groups is 
likewise without any effect on these two parameters 

(compounds 2-4,8,9). Replacement of the 
3’hydroxyl by an amino group (compound 12) 
reduces V,, but not the relative Km. These results 
indicate that the OH-groups in position 2’ and 3’ are 
meaningless for recognition and reactivity of the ADP 
molecule on the active site of chloroplast ATP syn- 
thase. However, inversion of the substituents on C-2’ 
as in arabino-ADP, leads to an increase in relative Km 
as well as a decrease in Vmax_ A similar but still more 
pronounced change is observed with the stereoisomer 
of the 3‘-arnil~o-substituted ADP analog (com- 
pound 13). Substituent inversion in the indicated 
positions greatly restricts free rotations around the 

C-4’-C-5’ bond and the N-glycosidic linkage [ 17.1 S]. 

It may be concluded that an unrestricted orientation 
of these parts of the nucleotide molecule is a pre- 
requisite for accomodation in the protein counter- 
part. Reduction in V,, means that the catalytic 
process including product release is inhibited. Since 
V max is decreased upon substituent inversion at C-2’ 
or C-3’, we may suggest that the formation of ATP 
on the enzyme or its release likewise require free rota- 
tion of the base and phosphate moiety, respectively. 

The group of inhibitory analogs includes C-3’-acyl- 
and arylesters of ADP [ 5,19-221. They act as energy 
transfer inhibitors in photophosphorylation as well as 
in oxidative phosphorylation [4-61. The mode of 
inhibition is competitive with regard to ADP, suggest- 
ing that they occupy the active ADP binding sites of 
the corresponding ATP synthases. In particular those 
analogs which bear an unpolar substituent, were found 
to inhibit ADP phosphorylation in a rather low con- 

centration range, suggesting that a hydrophobic inter- 
action might additionally increase the stability of the 
enzyme-analog complex. 

Compound 15 is a 2t-deoxyribonucleotide analog, 

i.e., a 2’ * 3’ acyl migration as known from ribo- 
nucleotide derivatives [23] is excluded. These results 
thus indicate that any ADP analog which contains a 
strong-electron withdrawing substituent in the C-3’ 
region of the ribose moiety as for example a car- 
bonyl-, amide- or sulfonyl-group is potential inhibitor 
of phosphorylation. Hence the negative inductive 
effect may be the reason why these molecules are 
unable to act as pl~osphoryl acceptors. 

The third group of compounds is represented by 
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two analogs (5,lO) which both contain a rather 
inflexible pentofuranose ring, thus preventing or 
altering pseudo-rotation, i.e., 2’,3’-endo =+ exo transi- 
tions [ 18,241. This is attained by introduction of a 
2’,3’-double bond (5), or by cyclisation of the vicinal 
hydroxyls (lo), respectively. Although pseudo-rota- 
tion does not contribute too much to the flexibility 
of the whole nucleotide molecule, both chemical 
modifications distort, at least, the overall molecular 
geometry compared to ADP. This distortion does not 
allow an adjustment of a specific positioning of the 
adenine moiety and the phosphate chain relative to 
each other, which is a prerequisite for the active site 

of the ATP synthase to contact base and phosphate 
chain in a correct manner. 

The ribose ring-opened ADP is likewise an almost 
inactive analog. This molecule assumes a conforma- 
tion which is quite different from a normal nucleotide 
structure due to the presence of additional rotational 
axes in the sugar moiety [2.5]. 

These results indicate that the ribose moiety of the 
ADP molecule is not involved in binding of the 
nucleotide to the active site of chloroplast ATP syn- 
thase. However, its structural role is to facilitate the 
adoption of a specific substrate conformation which 
permits attachment to the protein counterpart with 
its recognition sites heterocycle and diphosphate 
moiety. 
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