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Abstract-The purpose of this study was the elucidation of the possible importance of bivalent metal ions in 
controlling the activity of apyrase (ATP: diphosphohydrolase EC 3.6.1.5) purified from tubers of Solanum tuberosum 
cv Desirie. Similarities between the K, and V,,, values for ADP and Ca2+ suggest that the true substrate of this 
enzyme is the metal ion-nucleotide complex. The association constant of the Ca-ADP complex was measured under 
the same conditions of pH and ionic strength as in the enzymatic assay system in order to calculate the true 
concentration of this complex. In contrast, [Mn(H,O),]‘+ spin resonance spectroscopy (ESR) showed that apyrase 
binds this paramagnetic metal ion in the absence of ATP or ADP. The spectrum of [Mn(H20),12+ showed a 
transition at low field after the addition of apyrase. This result indicates that the binding of the enzyme produces a 
distortion in the electronic symmetry of [Mn(H,O),] 2+. Apyrase binds other bivalent cations because hysteretic 
behaviour is observed when the enzyme is preincubated with bivalent metal ions in the absence of nucleotide; this 
hysteretic behaviour can be interpreted as a displacement of a ligand strongly bound to the enzyme (M2’) by the 
substrate (Ca-ATP or Ca-ADP). The contents in uiuo of Ca, Mg, Mn, Co, Zn, ATP and ADP were determined. 

INTRODUCTION 

Plant ATPases have been classified by Serrano [l] as 
plasma membrane ATPases, mitochondrial ATPases, 
vacuolar ATPases and apyrases (soluble) according to 
the following characteristics: optimum pH, substrate 
specificity, effects of different type of inhibitors on enzy- 
matic activity, bivalent metal ion requirements and sub- 
cellular localization. 

For some time our group has been interested in apyr- 
ase (ATP: diphosphohydrolase EC 3.6.1.5) from potato 
tuber [2-4]. This enzyme hydrolyses ATP and ADP 
finally producing AMP and inorganic phosphate. Al- 
though these are probably the substrates in uivo, apyrase 
has a rather low specificity for the non-phosphate part of 
the molecule. On the other hand, changes in the pyro- 
phosphate chain produce significant effects on the cataly- 
tic but not the binding properties of the enzyme [S, 63. 

We have also reported that tyrosyl, tryptophyl, arginyl 
and dicarboxylic groups are the possible amino acid 
residues participating in the catalytic process [6,7]. Fi- 
nally, from the determination of some physicochemical 
and kinetic characteristics, we have found distinct isoen- 
zymes present in the different clonal varieties of S. tuber- 
osum [8,9]. 

Abbreviations: ESR, electron spin resonance; BSA, bovine 
serum albumin; AMP-PCP, S-(/?, y-methylene) triphosphate; 
MES, 2-N-morpholinoethanesulphonic acid; TES, N-tris- 
(hydroxymethyf-2-aminoethanesulphonic acid). 

Apyrases belong to that group of enzymes which are 
activated by metal cations; they are inactive in the ab- 
sence of bivalent metal ion [lo]. In a previous report we 
compared the stimulatory effect of Ca2+ with that of 
other bivalent metal ions [6]. The most relevant finding 
was that some metal ions, especially Mn2’ and Cd’+, 
modify the ATPase/ADPase activity ratio. No corre- 
lation was found between these kinetic differences and 
the ionic radius, the metal ion-nucleotide association 
constant or the electronegativity of the bivalent cation. 

The purpose of this study was the further investigation 
of the possible role of bivalent metal ions in the hydroly- 
tic reaction catalysed by apyrase from potato tuber, 
isolated from cv Desire’e. This involved a study of en- 
zyme-metal ion-substrate coordination through kinetic 
and binding studies. 

RESULTS AND DISCUSSION 

K, and V, for Ca2+ and ADP 

Table 1 summarizes the kinetic parameters for Ca2+ 
with ADP as fixed substrate, and for ADP with [Ca’+] 
constant. The results show a similarity between K, and 
V,,, values for ADP and Ca’+, suggesting that the ‘active’ 
form of the nucleotide is the metal ion-nucleotide com- 
plex with the usual 1: 1 stoichiometry [l 11. The linearity 
of plots of S/u and [M’+]/u against [ADP] or [Ca2+] 
rule out an inhibitory effect of free nucleotide or Ca2+. 

The association constant of the Ca-ADP complex was 
measured at the same pH and ionic strength as obtained 
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Table 1. Kinetic parameters of apyrase 

K,( x lo3 M-‘) V,( x lo3 M-’ min) 

ADP Ca2+(2 mM) 

Ca*+ ADP(2 mM) 

Ca-ADP* -- 

0.065 546 

0.062 522 

0.037f 534 

*Complex concentrations were calculated from an associ- 

ation constant equal to 638 M-’ calculated at pH 6.0. 
TThese values were calculated from the Hanes-Woolf plot of 

the true complex concentrations and the mean rates obtained 

from experiments with ADP and Ca2+ shown above. 

in the enzymatic assay in order to calculate its true 
concentration in the medium. Two different methods 
were employed: gel filtration through Sephadex G-10 
and direct titration with a Ca’+-seiective electrode. The 
mean values obtained were 643 t_ 95 M- ’ (n = 6) and 633 
f 73 M - 1 (n = 4, from independent titration curves) re- 
spectively. An average value of 638 M ’ was used for the 
calculation of the complex. Table 1 shows the K, value 
assuming Ca-ADP to be the active substrate. Although 
the same parameters were not calculated for ATP and 
Cazf, it is reasonable to suppose that the hydrolysis of 
both nucleotides proceeds through the same mechanism. 

In a previous paper we reported that Cr (III)-ATP was 
a competitive inhibitor of the enzyme [6]. Because of the 
tightness of binding of the metal ion in this substrate 
analogue, it can be proposed that the metal ion-nucleo- 
tide complex interacts with the enzyme through the 
pyrophosphate chain and not through the metal ion 
[12, 131. The observation that other bivalent ions, in 
addition to Ca’+, produce stimulatory effect on apyrase 
[6] support the proposal that the metal ion is not acting 
as a bridge between the enzyme and the substrate. It has 
generally been observed that CaZ’ has an inhibitory 
effect on metal ion bridge enzymes, but activates those 
with substrate bridge complexes [ 111. 

The ESR spectrum of Mn-apyrase 

The spectrum of [Mn(H20)J2’ changed after the 
addition of apyrase, showing a transition at low field and 
a decrease in the height of the six lines typical of the 
Mn2+ (Fig. 1). This indicates that the enzyme binds to 
Mn’+ in the absence of substrate and that this binding 
produces a distortion in the electronic symmetry of 
[Mn(H20)6]2f. The altered spectrum can be interpreted 
as a distortion in the inner coordination sphere of 
[Mn(H,O),]” bound to apyrase [14]. There are several 
known examples of enzymes where large deviations of 
the cubic symmetry of [Mn(H20)J2 + are seen in further 
transitions of the isotropic region of the spectrum with 
the consequent decrease of the height of the six lines 
[14-IS]. 

It was not possible directly to measure the stoichiome- 
try of this binary complex. However, the value for the 
dissociation constant, as calculated from the decrease in 
line height, was ca 40 ,uM. 

No further changes in the ESR spectrum of the MnZ+- 
apyrase binary complex were observed when 5 mM 
CaCI, was added before or after the paramagnetic cation. 
These results would suggest that Ca2+ does not interact 
with apyrase under these conditions, that both ions have 
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Fig. 1. ESR spectrum for [Mn(HJO),J’+ solution. The spect- 

rum was run in 0.1 M TES pH 8.0 at 27 2 1 with an amplitude 

modulation of 80 and a signal level of 3200. (a) The solution 
contained 0.5 mMIMn(H,O)JZt. (b) The solution contained 

0.49 mM [Mn(H20),] *’ and 0.46 mM apyrase. 

different binding sites, or if both cations bind to the same 
site MnZ+ has a higher affinity for apyrase than Ca2+. 
Thi’s point will be discussed further in the next section. 
The addition of EDTA led to the disappearance of both 
typical sextet of [Mn(H20)Jzi and the low field transi- 
tion. 

Hysteretic behaviour qf metal ion-apyrase binary com- 
plexes 

Apyrase binds other bivalent metal ions besides Mn’ +, 
evidenced by the appearance of hysteretic behaviour 
when the enzyme was preincubated with bivalent cations 
in the absence of a nucleotide substrate. The kinetics of 
hydrolysis of Ca-ATP and Ca-ADP catalysed by apyrase 
preincubated with 0.25 mM Mn2+ are shown in Fig. 2. 
Controls contained either sodium chloride alone or 
10 mM EDTA in addition to the bivalent cation. The lag 
period was also observed with Ca’+, Mg”+, Co2+ and 
Zn”; the lag periods extrapolated from the respective 
kinetic curves are given in Table 2. Mn” * and Cd” 
produced the largest effects consistent with the proposal 
that these ions bind most strongly to the enzyme. A 
similar lag period in the kinetic of hydrolysis is yielded by 
preincubation with Ca ’ + in the pH range 4.0-8.0. The 
larger lag period produced by Mn” support the ESR 
experiments in which no displacement of Mn2 A by Ca2+ 
was observed at pH 8.0. 

According to Frieden [19], this hysteretic behaviour 
may be due to: (i) molecular aggregation of the enzyme, 
(ii) displacement of a ligand strongly bound to the en- 
zyme or (iii) isomerization of enzymatic forms. The hys- 
teresis due to molecular aggregation was discounted 
because the molecular mass of apyrase was unchanged 
during the course of the experiments. The molecular 
mass of Ca’+-apyrase determined by gel filtration 
through Sephadex G-100 under hysteretic conditions 
(Ca”, pH, temperature) was 47500. This value is 



Bivalent cations and apyrase activity 1983 

c (a) 
60 / 

60 

.c Bo- 
(b) 

0 
8 
560 

0123456 
tmin) 

Fig. 2. The kinetics of hydrolysis of ATP and ADP catalysed by 

Desire’e apyrase preincubated with metal ions. 
(a) Preincubation with 0.25 mM MnSO,. (b) Preincubation 

with 0.75 mM NaCl or 0.25 mM CaCl, and IO mM-EDTA. Af- 

ter one hr of preincubation of the enzyme at 4” in 0.1 M MES, 

pH 6.0 a sample of the mixture was diluted in BSA (0.2 mg/ml) 
and the release of inorganic phosphate from ATP and ADP was 

measured. The assay medium contained 0.05 mM nucleotide; 

5 mM CaCI,; 0.1 M MES, pH 6.0. 

Table 2. Lag period of apyrase preincubated with bivalent ca- 

tions 

Lag period* 
Ma’ preincubation ATPase ADPase 
(Final concentrations 0.25 mM) (s) (s) 

Ca2+ I8 12 

Mg2+ 21 30 

Mn’+ 42 42 

co2+ 51 21 

Zna+ I5 9 

*Lag period extrapolated to inorganic phosphate=0 (19). 

Preincubation was in 0. I M MES, pH 6.0, at 4”. After dilution in 

BSA (0.2 mg/ml) inorganic phosphate production from Ca-ATP 

and Ca-ADP was measured as described in the Experimental 

section. The assay medium contained 0.05 mM nucleotide, 

5 mM CaCI,; 0.1 M MES, pH 6.0. 

similar to that previously described for apyrase (49000) 
in the absence of Ca2+ [6]. 

On the other hand, the displacement of a ligand stron- 
gly bound to the enzyme is supported by experimental 
data because increasing substrate concentration (Ca- 
ATP or Ca-ADP) produce a decrease in the lag period 
until it is no longer observed (Fig. 3). In addition, ATP 
analogues (such as AMP-PCP and Cr(III)-ATP) prevent 
the hysteretic behaviour of the enzyme. The hysteretic 
kinetics of apyrase at low concentration of substrates is 
reversed by EDTA as shown in Fig. 2 (control experi- 
ment). The interactions between apyrase and these biva- 
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Fig. 3. Effect of metal ion-substrate concentration on the lag 

period of Ca*+ preincubated Desire’e apyrase. Preincubation 

conditions were: one hr at 4” in 100 mM MES pH 6.0; 
0.25 mM Ca’+. Assay conditions: 1OOmM MES pH 6; 
5 mM CaCl, and variable concentrations of nucleotide: n -- 

W 25/1M, A-A 33 PM, A-A 50pM, O-O 67/1M, 

0-O 100 PM. (a) ATP ranged from 25 to 100 PM.(~) ADP 

ranged from 25 to 67 PM. 

lent cations were however, abolished neither by dilution 
in BSA (0.2 mg/ml) nor by dialysis against 0.1 M NaCl 
(Chelex treated). 

Hatfield et al. [20] described some kinetic models to 
explain the lag period produced by displacement of a 
strongly bound ligand to the enzyme. One of these fitted 
our observations of the decrease in the lag period with 
increasing concentrations of substrate (Ca-ATP or Ca- 
ADP). According to this model, there is a linear depen- 
dence between the apparent rate constant for the ap- 
proach to steady state (the exponential part of the pro- 
gress curve) and the substrate concentration (data not 
shown). 

The observation that the bivalent cation-apyrase bi- 
nary complex does not show hydrolytic activity, dis- 
counts the presence of a dual metal ion coordination 
complex as found with other ATP-dependent enzymes 
[21]. In these cases one cation is bound directly to the 
enzyme, the second being coordinated to the nucleotide. 

The formation of a M2+-apyrase binary complex may 
conceivably have a regulatory significance in ho. This 
non-active enzymatic form may reversibly activated by 
the true substrate (Ca-ATP or Ca-ADP) by displacement 
of the bound metal ion. We have therefore, determined 
the contents of nucleotides and some bivalent metals in 
potato tuber tissue. 

ATP, ADP and some bivalent cation contents in potato 
tuber 

The total content of Ca, Mg, Mn, Zn, ATP and ADP 
in Desiree potato tubers are shown in Table 3. The 
percentage of water in different tubers was 77.9% f0.9 (n 
= 6); this constancy allowed the expression of the results 
in terms of fresh weight. The metal contents found are 
similar to those reported by others for other varieties of 
potato [22], with the exception of Zn and Co. Compari- 
son between the contents of ATP and ADP and those of 
the metals suggest that the concentrations of Ca2+ and 
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Table 3. Content of some metal 
ions and adenine nucleotide of S. 

tuberosum tuber cv Desire’e 

Content 

(pmol/g fr. wt) 
-___ 

ATP 0.148+0.011 (3) 

ADP 0.103~0.008 (3) 

Mg 4.49 LO.56 (6) 

Ca 2.70 +0.052 (6) 

Zn 0.047 + 0.0058 (6) 

Mn 0.026 _tO.O047 (6) 

co 0.004 + 0.0002 (6) 

Samples were prepared and as- 

sayed as described in the Experi- 

mental section. Results are means 

& s.d. with the number of indepen- 

dent observations shown in paren- 

theses. 

Mg2+ are at least one order of magnitude greater than 
those of the nucleotides in uiuo. Whether or not this 
obtains in viuo depends on the proportion of the total 
metal in the ionic form and the intracellular and extra- 
cellular locations of the various reactive species. 

These results suggest to us that Mg*+ and Ca*’ 
should be considered as the physiological cations, produ- 
cing the active form of the substrate (metal ion-nucleotide 
complex) or/and regulating apyrase activity. Mn*+ can- 
not be entirely dismissed, however, for its strong binding 
to apyrase might outweigh the fact that the metal ion 
concentration may well be one and two orders of magni- 
tude lower than those of Ca* + and Mg’ ‘- respectively. It 
is possible that changes in the concentrations of some 
metal ions as well as in the concentrations of ATP and 
ADP in the potato tuber tissue might be involved in the 
regulation of apyrase. In our proposed model, the metal 
ions which bind to apyrase in the absence of substrate are 
inhibitors and the metal-nucleotide complex is a activ- 
ator. This complex would displace the bound metal 
producing the reactivation of the apyrase (accounting for 
the hysteretic behaviour). 

EXPERIMENTAL 

Material. All chemicals were reagent grade. ATP, ADP, TES, 

MES, PEP, NADP, NADH, hexokinase type F-300, glucose-6- 

phosphate dehydrogenase type XV, pyruvate kinase type III and 

lactate dehydrogenase type XI were bought from Sigma. Apyr- 

ase was obtained from a pure strain of Solanum tuberosum cv 

Desire’e supplied by the Instituto de Investigaciones Agrope- 

cuarias ‘La Platina’, Santiago, Chile. Desiree apyrase was puri- 
fied as previously described in ref. [6]. 

Methods 

Assay of apyrase. Apyrase activity was assayed by measuring 
the liberation of inorganic phosphate [23] from ATP and ADP 
[Z]. Variations in the composition of the incubation mixture are 

given in the legends of Tables and Figures. 

K, and V, for Ca2+ and ADP. The medium contained 
0.1 M MES; 0.065 mMEDTA, pH 6.0, throughout. K, and V,,, 

values were calculated from Hanes-Woolf plots 1241 by the 

method of least squares. 

Determination qf the association constant qf Ca-ADP. This 

was determined by two different methods. (i) A solution con- 

taining 2 mM ADP in 0.1 M MES pH 6.0 (Chelex-100 treated) 

was titrated with a Ca’+ sensitive electrode (F-2112 Ca, Radi- 
ometer) previously calibrated in the presence of the same buffer 

solution. (ii) Gel filtration with Sephadex G-10 as described by 

Hummel and Dreyer 1251 was also used. The column was 

equilibrated with 0.1 M MES pH 6.0. The Ca2+ concentration 

was 0.16 mM. The experiment was initiated by addition of 

5 pmol of ADP in 0.1 ml of the same buffer. The total nucleotide 
concentration was followed by absorbance at 258 nm and the 

total calcium was measured by atomic absorption spectropho- 

tometry. 

The ESR spectrum of Mn*’ -upyrase. The ESR spectra were 

obtained with a Varian Spectrometer model V-4502 operating at 

9.1 GHz at 27 _t 1’. The spectra of 0.5 mM Mn’+ and 

0.5 mM Mn” -apyrase in 0.1 M TES buffer, pH 8.0 were meas- 

ured. TES buffer was previously freed from bivalent metal ions 
with Chelex X-100. The enzyme was treated with 0.1 mM 

EDTA. The EDTA was later removed by ultrafiltration with 

0.1 M TES, pH 8.0. 

ATP, ADP and metal contents of the potato tuber. 5 g of peeled 

tuber was thinly sliced and homogenized in 2.5 M HCIO, in a 

Sorvall-Omnimixer for 2 min at 0”. After centrifugation 

(27000 g) for 50 min at 4” each sample was extracted again with 

HCIO,. Both supernatants were brought to pH 7.0 with 

IO M KOH and the whole was finally centrifuged at 4‘ to 

remove KCIO,. Each sample was then freeze-dried and re- 

dissolved in 5 ml of dist. H,O. ATP and ADP concentration 

were measured enzymaticaly [26.27]. Metal contents were 

measured, in sample of ash. from potato tubers. by neutron 

activation analysis. 

Kinetics of‘apyrase preincubated with biualent metals. Apyrase 

(0.08 mM) was incubated at 4” for 1 hr, with 0.1 M MES, pH 6.0 

and 0.25 mM-[metal ion] (Ca*+, Mg2+. Mn’+, Co”. or Zn’+). 

In control experiments, preincubations were done with 

0.75 mM NaCl instead of the bivalent cation or by addition of 

10 mM EDTA as well as Ca ” The kinetics of each preincub- 

ation were followed after dilution with BSA(0.2 mg,‘ml). ATPase 

and ADPase activity of apyrase solutions were determined in 

0.1 M MES; 5 mM CaCl,. and 0.0254.1 mM[ATP] or [ADP], 

pH 6.0. 

Molecular mass determination ?f’Ca-apyrase. Molecular mass 

was calculated from a calibrated Sephadex G-100 column equili- 

brated with 0.1 M MES and 0.25 mM CaCI,. pH 6.0 [28]. 

Acknowledyements-This work was financed by grants from 

Dniversidad de Chile (DIB, Grants Nos: B-1144854F; B-2079- 

8614; B-2079-8624; B-2079-8634). We are indebted to the In- 
stituto de Investigaciones Agropecuarias ‘La Platina’, which 

generously supplied the variety of 5. tuherosum. We thank the 

late Professor Osvaldo Cori for his encouragement and criticism 

in this research and Dr Christopher I. Pogson for his critical 

reading of the manuscript. 

REFERENCES 

1. Serrano, R. (1983) Arch. Biochem. Biophys. 227, I. 

2. Traverso-Cori. A. and Cori, 0. (1962). Biochem. Biophys. 

Acta 57, 158. 

3. Traverso-Cori, A.. Chaimovich, H. and Cori, 0. (1965) Arch. 

Biochem. Biophys. 109, 173. 

4. Cori, O., Traverso-Cori, A.. Tetas, M. and Chaimovich, H. 
(1965) Biochem. Z. 342. 345. 



Bivalent cations and apyrase activity 1985 

5. Del Campo, G., Puente, J., Valenzuela, M. A., Traverso- 

Cori, A. and Cori, 0. (1977) Biochem. J. 167, 525. 

6. Kettlun, A. M., Uribe, L., Calvo, V., Silva, S., Rivera, J., 

Mancilla, M., Valenzuela, M. A. and Traverso-Cori, A. 

(1982) Phytochemistry 21, 551. 
7. Valenzuela, M. A., Del Campo, G., Marin, E. and Traverso- 

Cori, A. (1973) Biochem. J. 133, 755. 

8. Mancilla, M., Kettlun, A. M., Valenzuela, M. A., Traverso- 

Cori, A. (1984) Phytochemistry 23, 1397. 
9. Traverso-Cori, A., Traverso, S. and Reyes, H. (1970) Arch. 

Biochem. Biophys 137, 133. 
10. Dixon, M. and Webb, E. C. (1979) in Enzymes 3rd Edn. 

Longmans, Academic Press, New York. 

11. Mildvan, A. S. (1970) in The Enzymes Vol II, 3rd Edn. (Boyer 

P. D. et al, eds), pp. 478-484. Academic Press, New York. 

12. DePamphilis, M. L. and Cleland, W. W. (1973) Biochemis- 
try 12, 3714. 

13. Sperow, J. W. and Butler, L. B. (1976) J. BioL Chem. 251 

2611. 

14. Reed, G. H. and Ray, W. J. Jr (1971) Biochemistry 10, 3190. 

15. Reed, G. H. and Cohn, M. (1973). Biol. Chem. 248, 6436. 

16. Haffner, P. H., Goodsaid-Zaldmondo, F. and Coleman, J. F. 

(1974) J. Biol. Chem. 249, 6693. 

17. Buttlaire, D. H., Reed, G. H. and Himes, R. (1975) J. Biok 
Chem. 250,261. 

18. Villafranca, H., Ash, D. F. and Wedler, F. C. (1976) Bio- 
chemistry 15, 544. 

19. Frieden, C. (1970) J. Biol. Chem. 215, 5788. 

20. Hatfield, G. W., Ray, W. J. Jr. and Umbarger, H. E. (1970) J. 
Biol. Chem. 245, 1742. 

21. Mildvan, A. S. (1979) Adu. Enzymol. 49, 103. 

22. Souci, S. W., Fachmann, W. and Kraut, H. (1979) in Die 
Zusammensetzung der Lebensmittel Ed. Wissenchaftliche 

Vergelagsgesellschaft, mbH Stuttgart. 

23. Ernster, L., Zetterstrom, R. and Lindberg, 0. (1950) Acta 
Chem. Stand. 4, 942. 

24. Hanes, 0. S. (1932) Biochem. J. 26, 1406. 
25. Hummel, J. P. and Dreyer, W. J. (1962) Biochem. Biophys. 

Acta 63, 532. 
26. Lamprecht, W. and Trautschold, J. (1974) in Methods in 

Enzymatic Analysis (Bergmeyer, H. U., ed.) 2nd Edn, Vol 4, 

p. 2101. Academic Press, New York. 

27. Jaworek, D., Gruber, W. and Bergmeyer, H. U. (1974) in 

Methods in Enzymatic Analysis. (Bergmeyer, H. U., ed.) 2nd 
Edn, Vol 4, pp. 2127-2131. Academic Press, New York. 

28. Andrews, 0. (1964) Biochem J. 91, 222. 


