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Summary: The state of existence of cytoplasmic vanadyl ion is known to be im- 
portant: the vanadyl ion forms complexes with ATP and the vanadate form inhib- 
its (Na++K+)-ATPase. Therefore the for 
nadyl ion was investigated by 3lP- and !? 

tion of complexes between ATP and va- 
C-NMR spectrometry. From the present 

and previous results, it was concluded that three characteristic types of ATP- 
vanadyl complex are formed in aqueous solution: a blue 1:l complex formed in 
the acidic pH region ATP has coordination sites between A- and r-phosphates, a 
ribose 3'-protonated hydroxyl oxygen and adenine N-3 nitrogen and the vanadyl 
ion; a blue 1:l complex formed in the neutral pH region contains coordination 
sites for vanadyl ion at A- and r-phosphates and ribose 2'- and 3'-protonated 
hydroxyl oxygens; a green 2:l complex at alkaline pH has binding sites between 
two sets of ribose 2'-protonated and 3'-deprotonated hydroxyl oxygens and va- 
nady? ion. 

The discovery by Josephson and Cantley (1) that vanadate(+5 oxidation state) 

ion is a potent inhibitor of (Na'tK')-ATPase has aroused interest in the 

state of vanadium ion in vivo. Since glutathione is present in most tissues at -- 

a high concentration of about 3 mM, endogenous or injected vanadium ion has 

been thought to exist exclusively as a vanadyl(t4 oxidation state) ion (2,3). 

Thus Post et al. suggested that much of the cytoplasmic vanadium is present as 

a ATP-vanadyl complex (4). Macara et al. calculated the stability constant of 

this complex at pH 4.9 as K 
wp 

=2.18 (2). However, the characters of this com- 

plex have not been studied. In a previous paper we reported the existence of 

two types of ATP-vanadyl complex, a blue 1:l complex and a green 2:l complex, 

based on the results of potentiometric titration, and optical and EPR spectra 

(5). In further studies, we found by multi nuclei FT-NMR spectroscopy that there 

are three characteristic types of ATP-vanadyl complex formed in three pH regions. 

The NMR method has proved useful for obtaining unambiguous information on the 

metal-binding sites of ATP. In the present 3'P- and l3 C-NMR investigations, the 
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coordination modes of these ATP-vanadyl complexes were determined: the blue 1:l 

complex formed at acidic pH has coordination sites to vanadyl ion at two phos- 

phates, a protonated hydroxyl oxygen of ribose and the N-3 nitrogen of an 

adenine moiety; the blue 1:l complex formed at neutral pH has sites at two 

phosphates and two protonated hydroxyl oxygens of the ribose moiety; the green 

2:l complex has sites at protonated and deprotonated hydroxyl oxygen of two 

ribose moieties. 

Materials and Methods 

Reagent grade VOSO4*6H2O and Na2H2ATPe3H20 from Boehringer HmbH were used 
in al? experiments. 3lP- and l3C-NMR spectra were measured with a JEOL JNM-FX 
200, Fourier transform NMR spectrometer operated at 80.76 and 50.10 MHz, res- 
pectively. In both NMR measurements D20 was used as a field frequency lock. 
The sample tubes used for 3lP- and 13C-NMR measurements were 1Ommd and 5nsnd, 
respectively. The pH(pD) of the solution was measured with either a Horiba pH 
meter L-71s or an Ingold electrode connected to a Horiba pH meter F-7SS and all 
measurements were made at 22°C. 3lP- and 13C-chemical shifts are calibrated 
with respect to external H3P04 and trimethylsilane resonances, respectively. 
The reduction of signal intensity associated with line broadening, due to the 
presence of paramagnetic species, was estimated from the computed intensity %. 

Results and Discussion 

From the 31 P-NMR of ATP over a wide pH range, the three resonances were 

assigned to 6-, p- and r-phosphorus atoms of ATP using inorganic H3P04 as an 

external reference, based on the assignments of the resonances (6). Owing to 

the presence of phosphorus-phosphorus nucleus coupling, the signals ofd- and 

r-phosphorus and j-phosphorus appeared as doublet and triplet peaks, respective- 

ly. The reductions of the signal intensities associated with signal broadening 

were estimated from measurements on the highest signal. Observed reductions of 

signal intensities of phosphorus nuclei in ATP in the presence of paramagnetic 

vanadyl ion are shown in Fig. 1. It is clear that at pH 3.0 and 7.0, vanadyl 

ion interacts with p- and r-phosphate groups. However, at pH 12.4 no interaction 

of phosphate with vanadyl ion was observed, being consistent with the conclusion 

in our previous report (5). l3 C-NMR spectra provided information on the co- 

ordination sites of ATP with vanadyl ion. The chemical shifts of ten carbon 

resonances of ATP were assigned with tetramethylsilane as an external reference, 

based on the assignments by Dorman and Roberts (7). Although the features of 

the signal reductions associated with line broadenings of carbon resonances in 
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Figure 1. 3'P-NMR Titration of ATP with Vanadyl Sulfate. 
ATP, 0.11 M (3ml in D 0) 
tion was adjusted wit i 

was titrated with 0.1 M VOS04 and the pH of the solu- 
1 M NaOH. 

Fiqure 2. 13 C-NMR Titration of ATP with Vanadyl Sulfate. 
ATP dissolved in 
was adjusted with 

D 0 was titrated with 0.1 M VOS04 and the pH of the solution 
P M NaOH. Initial concentrations of ATP and solution volumes 

were ai follows: 0.51 M, 0.8 ml for pH 3.0 solution; 0.83 M, 0.5 ml for pH 7.0 
solution; 1.03 M, 0.4 ml for pH 12.0 solution. Position of carbon atom : 
1' , --@-- ; Z’,.... . . . . . ; 31, + 4’,-.*.-; 5’,-..*..-; 2,-*- 4 A... ; ; ,.... 
; 6,* ; 8,-+- . 

ATP in the presence of vanadyl ion were relatively complicated (Fig. 2), the 

following points were clear, (i) at pH 3.0 the carbon signal intensities of C- 

3', C-4 and C-8 were decreased significantly, suggesting the presence of the 

coordinations of vanadyl ion with a ribose oxygen atom and adenine nitrogen at 

the N-3 or N-7 position, (ii) at pH 7.0 the signal intensities of C-3', C-2' 

and C-8 were reduced, suggesting the presence of the coordinations with either 

the two oxygen atoms of ribose or oxygen of ribose and adenine N-3 nitrogen, 

(iii) at pH 12.0 signals of C-2' and C-3' were reduced most, indicating the co- 

ordination with the two oxygen atoms of ribose, and (iv) the reduction of the 

signal of C-8 was not pH-dependent, suggesting little possibility of nitrogen 

coordination at the N-7 position. The main findings obtained in previous studies 
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Figure 3. Possible Structures of Three Types of ATP-Vanadyl Complex. 
IA], Blue 1:l ATP-vanadyl complex in acidic pH region; [B], Blue 1:l ATP- 
vanadyl complex in neutral pH region; [Cl, Green 2:1 ATP-vanadyl complex in 
alkaline pH region. 

on the ATP-vanadyl complex were that the blue 1:l complex is formed with dis- 

sociation of two protons from hydroxyl groups of the triphosphate moiety at pH 

3 and 7, and that the green 2:1 complex is formed with dissociation of a proton 

from a hydroxyl group of the ribose moiety (5). 

On the basis of the present observations and these previous results (5), 

the three types of ATP-vanadyl complex formed are proposed to be as shown in 

Fig. 3. Coordination from adenine N-7 or N-3 nitrogen was suggested from the 

13 C-NMR spectrum at pH 3.0, but our stereo-model ruled out the possibility of 

simultaneous coordination from C-3' oxygen and N-7 nitrogen. Therefore, it is 

proposed that ATP-vanadyl 1:l blue complex [A] formed in the acidic pH region 

includes coordination to vanadyl ion through B- and r-phosphate, a ribose 3'- 

protonated hydroxyl oxygen and an adenine N-3 nitrogen atom. The blue 1:l com- 

plex [B] in the neutral pH region contains coordinations from B- and r-phosphate 

and ribose 2'- and 3'-oxygen contributed from protonated hydroxyl groups. The 

green 2:l complex [C] in the alkaline pH region includes two sets of oxygen 

coordinations contributed from a protonated and a deprotonated hydroxyl group 

of two ribose moieties. 

In the previous paper (5) we concluded, without suggesting the detailed 

coordination sites in the triphosphate moiety, that only two types of ATP-va- 

nadyl complex were formed in acidic-neutral and alkaline pH regions, respective- 

ly, based on the results of potentiometric titration, and optical and EPR spec- 

tra. However, from the present 31P- and l3 C-NMR studies and previous results, 
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we were able to determine the detailed structures for the ATP-vanadyl complexes. 

The most important findings are that the coordination sites to vanadyl ion in 

the triphosphate group of ATP can be determined from the "P-NMR spectrum and 

that the l3 C-NMR spectrum suggests the contribution of a coordinating nitrogen 

atom in ATP. Thus by mere comparison of the results of the optical and EPR spec- 

tra and various parameters erroneous conclusions may be deduced about coordina- 

tion sites of ligands, but 31P- and l3 C-NMR spectrometries are very effective 

method for determining coordination sites in compounds containing organic phos- 

phate. 

The resent results on the three characteristic types of ATP-vanadyl complex 

provide useful information not only on the states of existence of endogenous 

vanadium ion, which may be trapped in ATP molecules, but also on the mechanism 

of enzymatic or non-enzymatic hydrolysis of ATP in the presence of vanadyl ion 

(8). 
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