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Abstract

:

The reactivity of polyoxovanadates towards adenosine-5′-triphosphate (ATP) hydrolysis at pH 2, 4, 6 and 7 is reported. Detailed kinetic investigation of ATP hydrolysis in the presence of polyoxovanadates was performed through multinuclear nuclear magnetic resonance (NMR) spectroscopy. In general, rate acceleration of up to five orders of magnitude was observed in the presence of vanadates compared to spontaneous ATP hydrolysis, with the greatest acceleration observed for reactions carried out at pH 2. Interestingly, the effectiveness of vanadates in promoting ATP hydrolysis decreased as the pH of the reaction solution increased; nevertheless, at pH = 7, the rate increase of one order of magnitude in comparison to blank reactions was still observed. Interactions between vanadate species in solution and ATP were investigated by means of 31P and 51V NMR spectroscopy, and this pointed towards the preferential interaction of vanadium with the phosphate groups rather than other regions of the ATP molecule.
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1. Introduction


The bioactivity and medicinal chemistry of polyoxometalates are of great interest for the development of inorganic-based drugs, given their stability in physiological conditions, great structural variability and versatile properties [1,2,3,4,5,6]. Accordingly, a thorough understanding of their reactivity towards biomolecules is key to elucidate the potential mechanisms through which these drugs act. In this context, several aspects of the fundamental reactivity of vanadium species toward biomolecules are still unclear, despite the well-known bioactivity of vanadium compounds [7,8,9,10]. In our previous work, we have unveiled the phosphodiesterase activity of polyoxovanadates toward DNA model substrates [11,12]. Here, we advance this study by addressing the reactivity of polyoxovanadates towards adenosine-5′-triphosphate (ATP) hydrolysis.



ATP plays a central role in the metabolism of living cells [13]. Nucleotides, especially the adenine-containing ones, are substrates for a large number of enzymes responsible for the transfer of phosphoryl or nucleotidyl groups. Moreover, ATP is a key metabolite of the glycolytic pathway, serving as the main ‘energy carrier’ throughout the body and providing the required energy for several enzymatic transformations. For example, the formation, replication and cleavage of nucleic acid polymers require the presence of ATP. Furthermore, ATP also plays a role in challenging diseases such as cancer because the high growth rate of cancer cells makes them more dependent on ATP than noncancerous cells [14,15,16]. Therefore, identifying compounds able to quickly modulate the supply of ATP under physiological conditions should assist in the development of more efficient therapies for diseases widely recognized as problematic to treat.



Various divalent metal ions such as Cu2+, Zn2+, Mn2+ and Cd2+ have been reported to catalyze ATP dephosphorylation, including valuable investigations to clarify the mechanism of metal-promoted ATP hydrolysis [17,18,19,20]. However, most of these reactions were performed at high temperatures of up to 80 °C. On the other hand, phosphate ester hydrolysis catalyzed by molybdates has been highly efficient, occurring even at room temperature [21,22,23,24]. Therefore, given the similarities between molybdates and vanadates [25], and the metabolic relevance of ATP as whole, we set out to investigate in detail the reactivity of vanadates towards ATP hydrolysis, aiming to contribute to a better understanding of polyoxometalates’ biological activity. Specifically, ATP hydrolysis kinetics at pH 2, 4, 6 and 7 and temperatures of 25–50 °C were followed by a newly developed 31P NMR-based method, and key vanadate–ATP interactions were investigated by means of different heteronuclear NMR spectroscopy techniques.




2. Materials and Methods


Unless otherwise noted, reagents were purchased from commercial sources and used as received. Reactions were monitored by 31P and 51V NMR spectra recorded on a Bruker Avance III HD 400 and a Bruker Avance II+ 600 spectrometer (Bruker, Billerica, MA, USA). All 31P-NMR spectra were recorded in the presence of an external reference of H3PO4 85% v/v (0 ppm). When phosphate was expected as a reaction product, trimethyl phosphate (TMP) was used as a reference in order to avoid the overlap with phosphoric acid. 51V NMR spectra were externally referenced with an aqueous solution of 1 M sodium metavanadate at pH 12, which contains the anion VO43− (δ = −535.7 ppm). Reactions were performed without any precautions against air.



Synthesis [HxPV14O42](9−x)− (PV14): PV14 was synthesized based on a previously published procedure, as follows [26]: A ~4:1 molar ratio Na3VO4:H3PO4 was mixed by Na3VO4 (1.47 g, 7.99 mmol) and H3PO4 85% (0.154 mL, 2.24 mmol) in 10 mL H2O. The pH was adjusted to pH 2.3 using concentrated HCl, and the solution was maintained at this pH and room temperature for a couple of days. After, NaCl 4M (10 mL, 40 mmol) was added, and the reaction mixture was cooled in the fridge overnight. The precipitate formed was collected by filtration, and recrystallized twice from acidic aqueous solutions (pH 2.3) upon addition of NaCl 4M. 51V- and 31P-NMR spectra were in agreement with a previous report (Figure S6) [26].




3. Results


The reactivity of polyoxovanadates toward ATP was studied in water under different conditions of pH, temperature and concentration. Generally, the same consecutive reaction pattern was observed for all the studied ATP hydrolysis reactions. Initially, ATP is hydrolyzed to ADP and free inorganic phosphate (Pi), and in a second step, ADP is further hydrolyzed to AMP, resulting in the liberation of another free phosphate ion (Scheme 1).



Reactions were monitored by 31P NMR spectroscopy as the ATP substrate, and corresponding products ADP, AMP and Pi could be clearly identified in the spectra (Figure 1). Resonances of ATP and AMP were identified by comparing them with 31P-NMR spectra of commercially available samples, and ADP was identified based on 31P-NMR resonances previously reported [27]. However, accurate integration of the AMP, ADP, ATP and free phosphate peaks was difficult to obtain due to the overlapping of their 31P-NMR resonances (Figure 1b), prompting us to develop a method to monitor the concentration of all species as a function of time, in order to be able to study the reaction kinetics.



3.1. Development of a Method for the Determination of Rate Constants of ATP Hydrolysis


Representative 31P-NMR spectra obtained during the course of a hydrolytic reaction between ATP and vanadate at pH 7.0 and 50 °C are shown in Figure 2. Given the absence of isolated peaks for ADP, which overlaps with ATP, and the overlapping of AMP and Pi at longer times, we defined three ‘integration regions’ (Table 1). The integral value of the peaks in region 1 (R1) corresponds to the sum of the concentrations of AMP and Pi. Region 2 (R2) represents the sum of the concentrations of two phosphate groups each of ADP and ATP. Region 3 (R3) corresponds to the β-phosphate group of ATP (Figure 1a).



Accurate concentrations at a given time point could be obtained using the integration regions defined in Table 1, considering the overall reaction scheme (Scheme 1). When ATP is hydrolyzed to ADP, equivalent amounts of inorganic phosphate (Pi−1) and ADP are released. A second equivalent of inorganic phosphate (Pi−2) is released upon further hydrolysis of ADP to AMP. Considering that two Pi are formed for each AMP molecule in the solution, the concentration of inorganic phosphate is equal to [ADP] + 2[AMP], and the integration of R1, corresponding to [AMP] + [Pi], can be rewritten as 3 [AMP] + [ADP]. In R2, the integration value corresponds to 2 [ADP] + 2 [ATP] because each signal corresponds to two P nuclei (one from each substrate). Finally, the integral value of R3 is equal to the concentration of [ATP]. Rearranging these relationships to be expressed as a function of the AMP, ADP, ATP and Pi concentrations affords the following equations:


[ATP] = R3



(1)






  [ ADP ] =   R 2 − 2  [  ATP  ]   2   



(2)






  [ AMP ] =   R 1 −  [  ADP  ]   3   



(3)






[Pi] = R1 − [AMP]



(4)







Using the 31P-NMR spectra obtained during the hydrolysis of ATP, Equations (1)–(4) allowed us to obtain the concentration profiles as a function of reaction time for each of the species in the reaction. The rate coefficients k1 and k2 of ATP hydrolysis could then be determined by fitting each curve to its respective rate equation (Equations (5)–(7)). These equations were derived considering the consecutive nature of the reaction (see SI for details).


   [  ATP  ]  =    [ A ]   0   e  −  k 1  t    



(5)






   [  ADP  ]  =    [ A ]   0   (     k 1     k 2  −  k 1     )   (   e  −  k 1  t   −  e  −  k 2  t    )   



(6)






   [  AMP  ]  =  [  A  ] 0  − (    [ A ]   0     k 2     k 2  −  k 1     e  −  k 1  t    )  +  (     [ A ]   0     k 1     k 2  −  k 1     e  −  k 2  t    )   



(7)







To illustrate these calculations, an example is shown for a solution containing 20 mM ATP and 20 mM decavanadate (V10) at pH 2 (Table 2). The reaction was performed in the presence of 600 mM NaCl in H2O/D2O at 25 °C. In Table 2, the integration values in R1, R2 and R3 are converted to concentrations using Equations (1)–(3) (the integration values are given only for a few reaction times). The concentrations of ATP, AMP and ADP are plotted as a function of time, resulting in a typical concentration plot for a consecutive reaction similar to the one observed in Figure 3. Fitting these plots to Equations (5)–(7) of the main text affords rate constants. Under the aforementioned conditions, this method furnishes k1 = 1.13 × 10−3 s−1 and k2 = 4.67 × 10−5 s−1 for the ATP hydrolysis.




3.2. Effect of pH and Temperature on the Dephosphorylation of ATP


With a suitable kinetic model in hand, we moved on to study the kinetics of ATP hydrolysis in the presence of polyoxovanadates under different conditions of pH and temperature (Figure 3). A summary of the rate constants observed is given in Table 3. For these studies, solutions containing an initial 200 mM concentration of vanadate and 600 mM NaCl were used [12]. The pH of the solutions was varied from 2 to 7. Under these conditions, the V4, V5 or V10 polyoxovanadate forms are the major components in the solution, and their concentration is dependent on the acidity of the solution [12]. These species are likely the ones present in the solution at the beginning of the reactions. The initial concentration of ATP was 20 mM, which means that, for conditions featuring V10, the concentration ratio of ATP and V10 is 1:1, while, for conditions where V4 and V5 are present, their concentrations are up to two times higher than that of ATP.



In general, increasing the temperature increased the rates observed under all pH conditions, while the pH had a strong effect on the reactivity. Representative concentration profiles for two reactions at pH = 2, differing in their temperature, obtained from 31P NMR spectra analogous to those in Figure 2, are given in Figure 3. Inspection of these concentration profiles reveals an induction period for the appearance of AMP, with the point of inflection in the concentration of AMP matching the maximum concentration of ADP. This suggests that AMP is formed from ADP hydrolysis rather than directly from ATP de-pyrophophorylation, underlining the consecutive character of the reaction. When the shapes of the plots are examined, it is clear that, in this case, k1 > k2, which is confirmed by the k1 and k2 values obtained by the least-squares fitting to Equations (5)–(7) (Table 3).



Similar concentration profiles were observed for reactions carried out in less acidic solutions (Figures S1–S3). However, smaller k1/k2 ratios were obtained, and the AMP product was present in the solution even before the intermediate ADP reached its peak concentration. In addition, the maximum concentrations of ADP were circa 8–10 mM, while at pH 2, nearly 18 mM of ADP was present in the solution. This contrast in the concentration profile of ADP reflects the differences between the k1 and k2 values for reactions. While, at pH = 2, k1 was larger than k2 regardless of the reaction temperature, for other pH conditions, k1 ≈ k2, except for the relatively small difference between k1 and k2 values at room temperature for pH = 4.



Blank experiments carried out in the absence of Na3VO4 confirmed that the vanadate species in the solution promoted the reaction, and excluded the possibility that ATP hydrolysis was caused by the presence of acidic protons at the pH values and temperatures evaluated (Table S1). In general, rates in the presence of vanadates were up to five orders of magnitude faster when compared to the blank reactions, with the greatest acceleration observed for reactions carried out at pH = 2. Interestingly, the effectiveness of vanadates in promoting ATP hydrolysis decreased as the pH of the reaction solution increased, and at pH = 7, the presence of vanadates sped up hydrolysis by only one order of magnitude in comparison to blank reactions.




3.3. NMR Study of ATP–Vanadate Interactions


To gain a better understanding about the reactivity differences observed in the reactions above, the interactions between ATP and vanadates were probed through a series of nuclear magnetic resonance (NMR) experiments. At first, 31P- and 51V-NMR snapshots of the reaction mixtures before mixing the reagents, and at different time intervals, were observed. Then, the binding between ATP and vanadates was addressed by several 51V NMR, including compounds structurally related to ATP.



3.3.1. 31P and 51V NMR snapshots of reaction mixtures


At pH 2, both 31P- and 51V-NMR showed that the interaction occurs as soon as the reagents are mixed, and products can be detected already at the early stages of the reaction (Figures S4 and S5). All 31P-NMR spectra recorded before mixing had the same appearance regardless of the temperature (Figure S4a). However, a clear difference was observed for the spectra taken immediately after mixing both compounds (Figure S4b). At 25 °C, the resonances belonging to the γ- and β-phosphates of ATP were clearly broadened upon the addition of vanadate. Moreover, the spectra at 37 °C and 50 °C already showed the appearance of ADP and inorganic phosphate reaction products, even though they were recorded immediately after mixing (Figure S4c,d). 51V-NMR spectra recorded immediately after mixing did not reveal any broadening or shifting of decavanadate (V10) resonances, the only vanadate species present, upon mixing with ATP. However, at 37 °C and 50 °C, the appearance of a small new peak at −543 ppm was detected, likely originating from the complexation of a vanadate species to the phosphate groups of ATP or ADP (Figure S5) [28,29]. This new peak could be the result of a complexation of free vanadate, formed in minor amounts from V10 during the reaction, and free phosphate groups (see Section 3.3.3). In this case, it is possible that signals pointing to the presence of free vanadate were overlapped by the sodium metavanadate solution used as a reference.



51V-NMR spectra recorded at different time increments during ATP hydrolysis show that new vanadate species are formed as the reaction progresses (Figure 4). Again, the broad resonance signal at −543 ppm could be observed (peak ‘1’ in Figure 4). However, it disappeared upon completion of ATP hydrolysis. Furthermore, a new set of 51V-NMR resonances at −536, −579 and −596 ppm (peaks assigned with ‘2’ in Figure 4) could be detected at the end of the hydrolytic reaction. These resonances mostly likely refer to the trans-bicapped Keggin tetradecavanadophosphate species [HxPV14O42](9−x)− (PV14), which has been reported to be formed in freshly mixed solutions of NaHPO4 and NaVO3 over a wide range of V:P ratios (0.5–14) and pH (1–6) [30,31]. In order to verify this, PV14 was independently synthesized [26]. Comparison of the 51V-NMR spectrum of the PV14 species (Figure S6) to the 51V-NMR spectrum recorded after the hydrolysis of ATP (Figure 4) revealed that PV14 is indeed formed as a side product upon ATP hydrolysis in the presence of vanadate.



31P NMR spectra before and after mixing at pH 4 and 6 were similar to the ones observed at pH 2, while at pH 7, the ATP signal shifted and no peak broadening was detected. At pH 4 and 6, mixing ATP with vanadate species resulted in the broadening of the γ- and β-phosphate resonances of ATP (Figures S7 and S9). This broadening is especially prominent at pH 6 and 50 °C, while ATP spectra recorded in the absence of vanadate showed little effect of temperature on the peak width. On the other hand, 31P-NMR spectra recorded before and after mixing ATP with the vanadate species present at pH 7 revealed that the γ- and β-phosphate resonances of ATP shifted upon the addition of vanadate (Figure S11). The γ-phosphate shifted from 2 ppm at room temperature to 2.5 ppm at 50 °C, and the β-phosphate shifted from 1.2 ppm at room temperature to 2.2 ppm at 50 °C. However, no significant peak broadening as observed for the reactions performed at pH 2, 4 and 6 was detected.



51V-NMR spectra recorded at pH 4, 6 and 7 before and after the addition of ATP revealed distinct behaviors depending on the pH of the solution. Before ATP addition, 51V-NMR confirmed that different vanadate species are present in each condition [25]. At pH 4, only decavanadate (V10) was detected, while at pH 6, tetravanadate (V4), pentavanadate (V5) and V10 were detected, and at pH 7, only V4 and V5 were present in the solution, consistent with our previous work [12]. After ATP addition at pH 4, no significant differences could be detected immediately after mixing (Figure S8). Upon completion of hydrolysis, only the spectra recorded at 50 °C showed a new peak; specifically, a small and broad resonance appeared at −580 ppm, which likely corresponded to PV14 as observed at pH 2. On the other hand, minimal peak broadenings were detected immediately after ATP addition at pH 6 (37 °C) and pH 7 (50 °C), while prominent broadenings for V4 and V5 resonances were observed after ca. 70 h of reaction in both cases (Figures S10 and S12, respectively).




3.3.2. Binding between ATP and Decavanadate Studied by 51V-NMR Spectroscopy


To evaluate the binding between ATP and decavanadate, we assessed the 51V-NMR shifts upon the addition of ATP. 51V-NMR spectra were recorded for a series of solutions in which the decavanadate concentration was kept constant (20 mM) and the ATP concentration was increased from 0 to 600 mM (Figure 5). The addition of ATP had a minor effect on the 51V chemical shifts, but the effect on the line broadening of 51V resonances was more prominent, indicating that the ATP and vanadate interactions in the solution are very dynamic as the peak broadening upon the increase in ATP concentration can be interpreted as an increase in the rate of chemical exchange between bound ATP and free decavanadate.




3.3.3. Interaction between Vanadates and Other Substrates Structurally Related to ATP


ATP molecules consist of three chemically different components, namely a ribose sugar, the nucleoside base adenosine and three phosphate groups. Since all three components can interact with vanadate, we examined the interaction between vanadate and smaller molecules bearing one or two of the components found in ATP by 51V- and 31P-NMR spectroscopy on solutions containing 20 mM decavanadate at pH 4 and at room temperature. The following compounds were studied: AMP, pyrophosphate (PP), triphosphate (PPP), ribose, adenine and ribose phosphate (Figure 6).



Inspection of the 51V-NMR spectra recorded before and immediately after the mixing of PP and PPP with vanadate revealed the presence of a new resonance around −540 ppm (Figure 7). This peak agrees well with the formation of cyclic bidentate and tridentate dianhydrides between vanadate and polyphosphate species reported previously [28,29]. The resonance at −540 ppm was more intense in the case of PP than in the case of PPP. Further, monitoring the PP and PPP solutions with decavanadate for possible phosphoanhydride hydrolysis over several days revealed the relatively fast hydrolysis of PPP to PP, which in turn slowly hydrolyzed to inorganic phosphate. Upon complete PPP hydrolysis to PP, the resonance at −540 ppm became more intense. Accordingly, PP was also slowly converted to inorganic phosphate in the presence of decavanadate.



AMP, ribose 5-phosphate, ribose and adenine did not alter the 51V-NMR spectra of decavanadate, suggesting that no significant interaction between these components and vanadates took place in the solution. No changes or hydrolysis were observed in both 51V- and 31P-NMR spectra upon mixing AMP and vanadate, even though broadened 31P resonances were observed for ribose 5-phosphate (Figure S13). No hydrolysis of the phosphoester bond in ribose phosphate was detected. Moreover, no evidence of ribose–vanadate interactions was detected by 51V-NMR for AMP, ribose 5-phosphate or only ribose, even though an interaction between monomeric vanadate and the 2,3-hydroxyl groups of ribose is described in the literature [32,33,34]. The 51V resonance expected for this type of complex appears at −520 ppm, and, therefore, it is also plausible that it overlaps with one of the V10 resonances. Finally, no changes in the 1H-NMR spectra of ribose and adenine could be detected, even after keeping the reaction mixture for several days, implying that decavanadate does not interact with these compounds.






4. Discussion


The major influence of pH on the reactivity is likely related to the large effect of the solution acidity in the nature of vanadate, and nucleotide species in the solution. Inspection of the k1 and k2 values shown in Table 3 and Table S1 clearly indicates that the rate accelerations for the hydrolysis of ATP to ADP and for the hydrolysis of ADP to AMP in the presence of vanadate significantly increase as the pH is lowered. For example, at pH 2, the acceleration factor for k1 at room temperature is nearly 25,000, while at pH 4, it is only around 300. In general, these reactivity differences match the overall charge variation in ATP and ADP in the solution, as different protonated forms of ATP and its hydrolysis products can occur in the solution depending on the pH (Table 4) [35,36,37]. For instance, ATP is completely deprotonated to ATP4− at pH 7, while, in the pH range between 4 and 6, HATP3− is largely present in the solution, and the diprotonated form H2ATP2− predominates at pH 2. In addition, the pKa values for the protonation of V10 around 5.5, 3.5 and 2 indicated that its negative character is partially neutralized at pH 2 and 4. V4 and V5 only exist in the completely deprotonated forms [38]. Therefore, the lowest negative charge of reactants at pH 2 would result in the smallest electrostatic repulsion between the vanadate and substrates, allowing them to interact more favorably and accelerating the reaction. On the other hand, less favorable interactions at higher pH values derived from the overall increase in the negative charge of all species are consistent with the lower reactivity observed at these conditions.



In addition to the overall protonation of species in the solution, the large influence of the solution acidity on the rates observed likely relates to the kinetic lability of vanadates in solution [25]. A previous study revealed that all oxygen atoms present in decavanadate exchange at similar rates with the oxygen from the bulk H2O, and that such exchange is much faster at lower pH [39]. Similar exchanges were also observed for V4 and V5 species [40]. Presumably, this kinetic lability results in the breaking apart and subsequent re-assembly of the cluster structure. A similar scenario has been recently described for a phosphate bond hydrolysis reaction mediated by [Mo7O24]6−, in which dimeric molybdates formed in situ were suggested as the true hydrolytic species [24]. Although the formation of new vanadate species was not observed by 51V NMR during the reactions, we hypothesize that the hydrolysis of ATP may result from the formation of mixed anhydrides between structurally related phosphate and vanadate groups, which would cause strain on the phosphoanhydride bonds, making them more susceptible to hydrolysis. As the condensation of metal oxo species is well-known to be favored in acidic solutions, the formation of mixed anhydrides species could also be favored under similar conditions, thus explaining the higher hydrolysis rates observed at lower pH.




5. Conclusions


In conclusion, we have the shown that ATP is smoothly hydrolyzed to AMP through a stepwise dephosphorylation in the presence of isopolyoxovanadates. Using a newly developed 31P-NMR-based method to follow the reaction kinetics, faster hydrolysis was observed as the temperature increased from 25 to 50 °C. A marked pH effect on the reactivity was also detected as larger rate accelerations were obtained for reactions conducted at lower pH values. This trend suggests that decavanadate species, which are predominant in acidic conditions, are more hydrolytically active towards ATP than cyclic tetra- and pentavanadate species dominant in neutral conditions. This may be due to the higher lability of the decavanadate structure, especially in acidic solutions, which may allow for more effective incorporation of the ATP phosphate groups into its skeleton. In accordance with this hypothesis, the trans-bicapped Keggin tetradecavanadophosphate species [HxPV14O42](9−x)− (PV14), presumably formed from the interaction between inorganic phosphate and decavanadate, was detected after hydrolysis reactions conducted in acidic conditions. Importantly, the formation of PV14 might work as a driving force of the reaction since it displaces the equilibrium towards the hydrolytic products. 31P- and 51V-NMR studies supported these findings, suggesting that ATP hydrolysis occurs due to the interaction of vanadates with the phosphate groups of ATP rather than other groups in the nucleoside unit. Such interactions would also be more favored in acidic conditions due to the overall greater protonation of species in the solution, which decreases the electrostatic repulsion between the reacting species.
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Scheme 1. ATP is consecutively hydrolyzed to ADP and AMP in the presence of polyoxovanadates. [V] = polyoxovanadates (see text for details). 
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Figure 1. (a) 31P-NMR spectrum of ATP (20 mM in H2O/D2O at pH 7.0). The phosphate resonances are assigned as shown in the structure of ATP. (b) Representative 31P-NMR spectra obtained during the course of the hydrolytic reaction between ATP and vanadate (pH 6.0, 25 °C, 4 days). Small shift in the resonances of ATP and reaction products are attributed to slight variations in solution acidity given the absence of buffer in the reaction mixture. 
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Figure 2. 31P-NMR spectra of a reaction mixture containing 20 mM ATP, 200 mM initial concentration Na3VO4 and 600 mM NaCl at pH 7.0 and 50 °C after 0 min (blue), 40 h (red), 90 h (green) and 7 days (purple). 
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Figure 3. Concentration of ATP, ADP and AMP (dots) in solution as a function of time for a reaction mixture containing ATP (20 mM) and Na3VO4 (initial concentration = 200 mM) in the presence of NaCl (600 mM) at pH 2 and 25 °C (left) or 50 °C (right). The concentration profiles were fitted to Equations (5)–(7) (lines, R2 25 °C—ATP: 0.9616, ADP: 0.9739, AMP: 0.9951; R2 50 °C—ATP: 0.9889, ADP: 0.8459, AMP: 0.8786). 






Figure 3. Concentration of ATP, ADP and AMP (dots) in solution as a function of time for a reaction mixture containing ATP (20 mM) and Na3VO4 (initial concentration = 200 mM) in the presence of NaCl (600 mM) at pH 2 and 25 °C (left) or 50 °C (right). The concentration profiles were fitted to Equations (5)–(7) (lines, R2 25 °C—ATP: 0.9616, ADP: 0.9739, AMP: 0.9951; R2 50 °C—ATP: 0.9889, ADP: 0.8459, AMP: 0.8786).
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Figure 4. Schematic representation of (a) decavanadate (V10) and (b) trans-bicapped Keggin tetradecavanadophosphate species [HxPV14O42](9−x)− (PV14). (c) 51V-NMR recorded spectra immediately after mixing (blue) and after 30 min (red) and 110 min (green) during hydrolysis of 20 mM ATP in the presence of 200 mM Na3VO4 and 600 mM NaCl at pH 2.0 and 37 °C show that two new vanadate species appear (marked as 1 and 2) in the reaction mixture. Spectra recorded at 25 °C and 50 °C were very similar to the one presented. The sharp resonances assigned with ‘REF’ belong to the external reference. 
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Figure 5. (a) Overlay of 51V-NMR spectra of 20 mM V10 at pH 4.0 (measured at room temperature) and 50 °C upon addition of ATP: 0 mM (blue), 20 mM (red), 50 mM (green), 100 mM (purple), 200 mM (cyan) and 600 mM (orange). (b) Plot of the half width of V10 resonances in 51V-NMR as a function of ATP concentration. The V10 resonance at −423 ppm is presented in cyan, the resonance at −500 ppm in red and the resonance at −516 ppm is presented in black. 
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Figure 6. Molecular structure of molecules structurally related to ATP. 
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Figure 7. 51V-NMR (left) and 31P-NMR spectra (right) recorded before (blue) and immediately after mixing (red) and after 2 days (green) of (a,c) 20 mM PP and (b,d) 20 mM PPP in the presence of Na3VO4 (200 mM) and NaCl (600 mM) at pH 4.0 and 25 °C. The arrow indicates the new resonance observed at −540 ppm (see text for discussion). A small amount of phosphate was already present as impurity in the starting product PP. The sharp resonances assigned with ‘REF’ belong to the external reference. 
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Table 1. Integration regions in 31P-NMR spectra used to calculate the concentrations of AMP, ADP, ATP and free phosphate (Pi).
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	Region
	Chemical Shift Range
	Species Monitored





	R1
	3 ppm → −0.5 ppm
	AMP, free phosphate (Pi)



	R2
	−4 ppm → −12 ppm
	ADP (2 P), ATP (γ-P, α-P)



	R3
	−15 ppm → −25 ppm
	ATP (β-P)










[image: Table] 





Table 2. Representative calculation of ATP, ADP and AMP concentrations for different time points based on the integration values of regions R1, R2 and R3 using the Equations (1)–(3) of the main text. ATP starting concentration = 20 mM.
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Quantity

	
Reaction Time




	
t = 0

	
t = 15 min

	
t = 45 min

	
t = 225 min

	
t = 735 min






	
Integration values R1

	
0

	
0.217

	
0.375

	
0.558

	
0.897




	
Integration values R2

	
0.666

	
0.663

	
0.625

	
0.442

	
0.103




	
Integration values R3

	
0.333

	
0.120

	
0

	
0

	
0




	
ATP (relative value)

	
0.333

	
0.120

	
0

	
0

	
0




	
ADP (relative value)

	
0

	
0.212

	
0.313

	
0.221

	
0.052




	
AMP (relative value)

	
0

	
0.002

	
0.021

	
0.112

	
0.282




	
ATP (absolute value, mM)

	
20

	
7.20

	
0

	
0

	
0




	
ADP (absolute value, mM)

	
0

	
12.70

	
18.75

	
13.25

	
3.09




	
AMP (absolute value, mM)

	
0

	
0.10

	
1.25

	
6.75

	
16.91
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Table 3. Rate constants (s−1) for the hydrolysis of ATP with polyoxovanadates at pH = 2–7 and T = 25 °C, 37 °C and 50 °C 1.
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pH

	
25 °C

	
37 °C

	
50 °C




	
k1 (×10−5)

	
k2 (×10−5)

	
k1 (×10−5)

	
k2 (×10−5)

	
k1 (×10−5)

	
k2 (×10−5)






	
2

	
131

	
4.67

	
177

	
34

	
1073

	
38.33




	
4

	
1.23

	
0.53

	
5.01

	
5.92

	
11.67

	
12.10




	
6

	
n.d.

	
n.d.

	
1.15

	
1.25

	
3.53

	
2.35




	
7

	
n.d.

	
n.d.

	
0.13

	
0.17

	
0.43

	
0.43








1 Conditions: ATP (20 mM), Na3VO4 (200 mM), NaCl (600 mM) in H2O, pH values were adjusted at room temperature.
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Table 4. Protonation states of each compound at the pH values used for reactions.
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	Compound
	pKa1/pKa2/pKa3
	pH 2
	pH 4
	pH 6
	pH 7





	ATP
	6.5/4.0
	H2ATP2−
	H2ATP2−/HATP3−
	HATP3−
	ATP4−



	ADP
	6.2/3.8
	H2ADP−
	H2ADP−/HADP2−
	HADP2−
	ADP3−



	AMP
	6.1/3.7
	H2AMP
	H2AMP/HAMP−
	HAMP−/AMP2-
	AMP2−



	V10, V4, V5
	5.5/3.5/2.0 (V10)
	H3V10O283−/H2V10O284−
	HV10O285-
	V10O286−/V4O124−/V5O105−
	V4O124−/V5O105−
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