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The effect of di- and trivalent cations on the phosphorylation of the
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The steady-state level of phosphorylated intermediate (EP) of (Mg2*+ Ca’*)-ATPase is influenced by
magnesium and calcium concentration in the Ca**-transporting system of sarcoplasmic reticulum vesicles. At
micromolar [Ca’*], the level of EP is increased by Mg2*, depending on its concentration. The effect of
Mg?* is less pronounced at lower Ca** concentration. At low [Mg?*}], the EP formation increases at
millimolar concentrations of Ca?*, suggesting, in accordance with earlier results, that the substrate may also
be CaATP instead of MgATP. LaCl, (1 mM) enhanced the EP formation at low Mg?* concentration.
Surprisingly, 10 pM LaCl, caused a marked decrease in EP formation at high [Mg2*] and had little or no
effect on the level of EP at low Mg?* concentration. The inducing effect of 1 mM LaCl, on the EP
formation at low [Mg?*) and the inhibitory effect of 10 pM LaCl, at high Mg2* concentration draw
attention to the involvement of divalent cation-binding sites with different affinity in phosphorylation and to

the particular role of Mg?>* in the EP formation and EP decomposition.

Introduction

The calcium transport by sarcoplasmic reticu-
lum vesicles requires optimum concentrations of
both calcium and magnesium. 2 mol of calcium
are bound with high affinity for each mol of the
ATP by the transport sites of the (Mg2*+ Ca®™)-
ATPase on the outside surface of the vesicles; after
phosphorylation of the enzyme by ATP, the Ca®*
is transported into the intravesicular lumen [1-13]
and released from the enzyme before the phos-
phoenzyme (EP) is hydrolyzed [12-17].

Magnesium ions appear to play a complex role.
MgATP is the substrate for the enzyme
[3,5-8,18,19]. In addition, Mg?* has been im-
plicated in acceleration of enzyme phosphoryla-
tion [14,20], in the hydrolysis of EP [20-24] and in
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the conversion of the ADP-sensitive phosphoen-
zyme (E,P) to ADP-insensitive phosphoenzyme
(E,P) [25]. High Ca’* concentration inhibits the
EP hydrolysis [21-23}. The time-course of EP de-
composition reveals a fast and a slow kinetic com-
ponent of EP, with different rate constants. Con-
version of EP, to EP,,, is favored by millimolar
concentrations of Ca’* and by reduction of Mg?*
concentration and vice-versa [26].

The CaATP complex is a potent competitive
inhibitor and the sarcoplasmic reticulum mem-
brane displays an affinity for CaATP at least
8-times higher than for MgATP [18]. CaATP can
also serve as a substrate for enzyme phosphoryla-
tion [21,27,28). The divalent cation sites on the
enzyme that are responsible for the action of Mg?2*
can be occupied either by Ca’* or by Mg?*, but
the rate of phosphorylation was §-10-times less
for CaATP than for MgATP [14]. After the en-
zyme had been phosphorylated from CaATP,
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calcium remains bound to the enzyme even in the
presence of excess EDTA. The EP formed from
CaATP turns over slowly because the conversion
rate of the E,P to E,P is very slow {14]. While 1
mol E,P formed from MgATP has 2 mol of high-
affinity binding sites for Ca’*, E,P formed from
CaATP has 3 mol of binding sites for Ca**; of
these two are transport sites for Ca’*, while the
remainder is the acceptor site for Ca’* derived
from CaATP [29). The metal-ATP complex re-
mains bound to the enzyme at least until the E,P
is hydrolyzed [29]. Calcium dissociation from the
substrate site is faster than that from the transport
sites and it was suggested that on E,P formed
from CaATP, the calcium is released from the
transport sites only after the conversion of the
phosphoenzyme from E,P to E, P [30].

According to Chiesi and Inesi [31], the Mg?™"
site is distinct from the Ca’*-binding sites in-
volved in the activation of enzyme phosphoryla-
tion and Ca’* translocation. Makinose and Boll
[19] concluded that the ATPase has a Mg?*-bind-
ing site which takes part in the direct activation of
the enzyme but is distinct from the substrate site
for MgATP. Takakuwa and Kanazawa [32,33] have
reported that there exists an extra Mg’ site on
the enzyme which is different from the substrate
site and is responsible for rapid turnover of the
EP. According to Shigekawa et al. [29], the mag-
nesium derived from MgATP is responsible for
rapid hydrolysis of the phosphoenzyme inter-
mediate. Further reports [34--36] are also dealing
with the binding and dissociation of Mg?*. The
results are contradictory and at present the role of
Mg** in the reaction sequence is not clear.

In analyzing the role of divalent cation-binding
sites in Ca’* translocation, the investigation of the
effects of trivalent cations as Ca’* analogs may be
useful. In previous studies an inhibitory effect of
lanthanide ions on Ca’" transport in sarcoplasmic
reticulum vesicles has been reported [37-41). In
high (10 mM) concentration, LaCl; quenches both
enzyme phosphorylation and EP cleavage. A sig-
nificant time-lag between the block of EP forma-
tion and EP cleavage suggests that the latter effect
requires penetration of La'" inside the vesicles
[40]. Calcium-binding is competitively inhibited by
La’*, with a K, of 6 uM [42]. Lanthanide ions are
assumed to be bound to the Ca** transport site of

the ATPase at lower concentrations [38.41-43].
Highsmith and Head [41] reported high- and low-
affinity binding sites for Tb** which may corre-
spond to the high-affinity Ca®*-binding sites and
low-affinity Mg?*-binding sites, respectively.
According to Itoh and Kawakita [44] there are
three classes of lanthanide ion-binding sites. Bind-
ing of Ln** at 107® M concentration to the site
with the highest affinity was responsible for the
inhibition of ATPase activity as well as for that of
EP formation and EP decomposition. Binding of
these cations at 107> M concentration to the site
with intermediate affinity inhibits the Ca’* bind-
ing to the transport site and the Gd** bound to
the high-affinity Ca’*-binding sites do not sub-
stitute for Ca*" in the EP-forming reaction. Fi-
nally, the binding of Ln** at 10~ concentration to
the site with the low affinity may be equivalent to
the Mg?* site [41].

In the present study, we investigated the phos-
phorylation of (Mg?*+ Ca’")-ATPase in sarcop-
lasmic reticulum membrane at various concentra-
tions of magnesium, calcium and lanthanum.

Methods

The fast-twitch semimembranous muscle of
adult rabbits was exclusively used for experiments.
After removing the red m. ischio-tibialis located
inside of m. semimembranous, the muscle was cut
into small pieces and homogenized in 7 vol. of 0.25
M sucrose, 10 mM Tris-maleate buffer of pH 7.0
and 1 mM EGTA in a Potter-Elvehjem homo-
genizer at 2°C. The further preparation of the
microsomal fraction containing the sarcoplasmic
reticulum vesicles was performed according to
Martonosi et al. [45]. The final pellet was sus-
pended in 0.25 M sucrose and 10 mM Tris-maleate
(pH 7.0) and used within some hours for experi-
ment. The assay procedures are described in
legends to figures. The free Ca®* concentration
below 20 pM was calculated using a stability
constant for Ca-EGTA complex of 4.5-10° M ™!
[11,46]. The amount of the phosphorylated inter-
mediate was determined at 0°C on the basis of the
2P incorporation from [y->PJATP into the Ca’*
transport protein by the De Meis method [47]). The
protein was determined by the method of Lowry et
al. [48].



Results

The formation of hydroxylamine-sensitive
phosphoenzyme is fast and the steady-state level
of EP remains constant for up to 8-10 s at 5 uM
ATP at 0°C. The level of EP increases by raising
the Mg?™ and Ca*"* concentration and reaches the
highest value at 5 mM MgCl, and 10-20 uM
CaCl,. The level of EP is greater at 5 mM Mg?*
than at 50 puM Mg?". Under 20 pM Ca’*, there is
a parallel decrease in Ca?*-dependent and Mg?*-
dependent EP. At 5 mM Ca*, the increase of the
steady-state level of EP is striking at low Mg?*
concentrations (Fig. 1).

An increase of the EP level occurs if 5 mM
MgCl, is subsequently added to the Mg-free
medium in the presence of 20 uM Ca’* (Fig. 2A).
The phosphorylated intermediate formed at high
Mg?* concentration decays faster after addition of
EGTA than that formed at relatively low [Mg?*]
(Fig. 2B). These results are in accordance with the
observations of Garrahan et al. [20].

At low Mg?* concentration (50 uM), 10 pM
La’* causes little or no change in the EP forma-
tion, but some increase in the level of EP was
observed with 1 mM La**. At 5 mM Mg?" con-
centration, 10 pM La’* decreased the EP forma-
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Fig. 1. Dependence of steady-state level of phosphoenzyme
formation on magnesium and calcium. Assays were done in
solution of 2 ml containing 50 mM KCl, 5 uM [y-32PJATP, 25
mM Tris-maleate (pH 7.0), MgCl, and CaCl, as indicated.
Free Ca’* concentration below 20 pM was adjusted with
EGTA (see Methods), 0.1-0.2 mg/ml protein and @, 5 mM; a,
0.5 mM; O, 50 pM MgCl,.
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Fig. 2. (A) Effect of magnesium added subsequently to the
medium. Assay solution: 50 mM KCl, 5 pM [y-*?PJATP, 50
M MgCl,, 20 uM CaCl,, 25 mM Tris-maleate (pH 7.0),
0.1-0.2 mg/ml protein; 0.02 ml of 0.5 M MgCl, was added (1)
subsequently to the 2 ml medium. (B) Decomposition of phos-
phoenzyme formed at various Mg?* concentrations. Assay
solution: 50 mM KCl, 5 pM [y-3*PJATP, 20 pM CaCl,, 25
mM Tris-maleate (pH 7.0), 0.1-0.2 mg/ml! protein and @, 5
mM; O, 50 pM MgCl,. Decomposition of the phosphoenzyme
(-~---- ) was carried out by addition (1) of EGTA (final
concentration: 1 mM).

tion without further change up to 1 mM La’*
concentration. 10 mM La’" inhibited the EP for-
mation both at low and at high Mg?* concentra-
tion (Fig. 3).

At low Mg?2" concentration, LaCl, added either
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Fig. 3. Effect of LaCl; on the steady-state level of the phos-
phoenzyme formation at different Mg2* concentrations. Assay
procedure is same as described in Fig. 2B. @, 5 mM; O, 50 pM
MegCl,.
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Fig. 4. Effect of LaCl; added before (®) and following ( X)
phosphoenzyme formation at S0 uM MgCl, (A) and 5 mM
MgCl, (B). 0.02 ml of 1, 10 and 100 mM LaCl, was added to 2
ml medium.

before or after the EP formation produced similar
effects (Fig. 4A). At high Mg?* concentration, the
level of EP was higher when LaCl; was added
following EP formation (Fig. 4B).

The effect of LaCl, depends on the time of
preincubation of LaCl, and enzyme. At high Mg?™*
concentration, the inhibitory effect of 10 uM La**
is immediate and it remains constant up to 6 min,
while at higher La** concentration the inhibitory
effect progressively increases during the prein-
cubation time (Fig. 5B).
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Fig. 5. Time dependence of the preincubation with enzyme and
LaCl, on phosphoenzyme formation at 50 uM MgCl, (A) and
5 mM MgCl, (B). Assay procedure is same as described in Fig.
2B. X------ X, Control; @, 10 pM; a, 100 pM; O, 1 mM
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Fig. 6. Decomposition of phosphoenzyme in various concentra-
tions of LaCl; at 50 uM MgCl, (A) and 5 mM MgCl, (B).
The decomposition assays were carried out following EP for-
mation with [y-*PJATP by addition of LaCl; and nonradioac-
tive ATP (50 uM final concentration) as indicated (1 1).
Composition of phosphorylation solution: 50 mM KCl, 5 puM
[y-PPIATP, 25 mM Tris-maleate (pH 7.0), 20 uM CaCl,,
MgCl,, 0.1-0.2 mg/ml protein. 0.02 ml of 1, 10 and 100 mM
LaCl; and 0.02 ml of 5 mM ATP were subsequently added 10 2
ml medium. X------ X, Control; @, 10 uM; 4, 100 pM; O, 1
mM LaCl,.

At low Mg?* concentration, 10 pM La’" has
no effect on the EP formation. At higher La**
concentration, there is an immediate increase in
EP formation, followed by a decrease during the
preincubation time (Fig. SA).

The hydrolysis of the phosphoenzyme is pro-
gressively inhibited with an increase in La** con-
centration, and the extent of this inhibition is
greater at low than at high Mg?* concentration
(Fig. 6A and B).

Discussion

The role of magnesium and the low-affinity
divalent cation-binding site in the Ca’* transport
system of sarcoplasmic reticulum vesicles, was in-
vestigated. Garrahan et al. [20] have stated that in
the presence of Ca’*, ATP phosphorylates the
Ca’* pump of sarcoplasmic reticulum at the same
site and to the same extent regardless of whether
Mg?* is added to the media or not, the main effect
of added Mg?™ being to increase the rate of phos-
phorylation. When phosphoenzyme is formed in
the presence of Mg?*, it dephosphorylates about
30-times faster than in the absence of Mg?™*. It has



been suggested that in the absence of Mg?*, a
stable phosphoenzyme is formed [11].

Our results indicate that at saturating [Ca’*]
the steady-state level of EP is increased by 5 mM
MgCl,. A higher steady-state level of EP is also
obtained by addition of 5 mM MgCl, following
phosphorylation of the enzyme at relatively low
[Mg®*]. An increase in EP level can also be
achieved by increasing the Ca’* concentration at
relatively low [Mg?**).

The effects of Mg?* and Ca’* at millimolar
concentrations on the steady-state level of EP sug-
gest that EP formation can also be influenced by
binding of cations at the low-affinity binding of
cations at the low-affinity binding sites and that
there is some cooperation between the binding
sites of different affinity in the phosphorylation
process. The results of the experiments performed
with LaCl; also show this unique role of Mg?*
bound at low-affinity binding sites in formation of
phosphoenzyme.

10 uM LaCl, at low [Mg?*] produced little or
no change in EP, while in the presence of 5 mM
MgCl, a marked reduction in the steady-state
level of EP was observed. 0.1-1 mM La** increases
the EP formation at low [Mg?*), but decreases the
higher level of EP formed at high Mg?* concentra-
tion.

The results obtained at different Mg2* and
La’* concentrations indicate that LaCl, competi-
tively affects the low-affinity binding sites at 10
M concentration; 1 mM La®* induces EP forma-
tion in place of MgCli,.

The inhibition by 10 pM La** at high Mg?*
concentration on the steady-state level of EP occur
immediately after addition of LaCl, to the medium.
When the time of preincubation of the enzyme
with 0.1-1.0 mM LaCl; is increased, the inhibi-
tion of EP formation is progressively enhanced.

The results obtained with the EP decomposition
also indicate the cooperation between the low- and
high-affinity binding sites of the (Mg?*+ Ca?*)-
ATPase. The inhibition of the EP decomposition
increases with increasing La’* concentration, and
1 mM LaCl; completely inhibits the EP decom-
position. These results suggest that the binding of
La’* in competition with Mg2* at low-affinity
sites increases the stability of the phosphoenzyme
system and results in the inhibition of the decom-
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position of Ca’*-dependent EP formed at high-af-
finity sites.

Acknowledgements

This work was supported by the Ministry of
Health, Hungary (17/4-29/505). We are grateful
to Dr. AN. Martonosi for correcting the
manuscript and for his valuable comments.

References

1 Ebashi, S. and Lipmann, F. (1962) J. Cell. Biol. 14, 389-400
2 Hasselbach, W. and Makinose, M. (1963) Biochem. Z. 339,
94-111
Weber, A., Herz, R. and Reiss, 1. (1966) Biochem. Z. 345,
329-369
4 Martonosi, A. (1972) Curr. Top. Membrane Transp. 3,
83-197
5 Yamatomo, T., Takisawa, H. and Tonomura, Y. (1979)
Curr. Top. Bioenerg. 9, 179-236
6 Inesi, G. (1979) in Membrane Transport in Biology
(Giebisch, G., Tosteson, D. and Ussing, H., eds.), pp.
357-393, Springer-Verlag, West Berlin
7 De Meis, L. and Vianna, A.L. (1979) Annu. Rev. Biochem.
48, 275-292
8 Hasselbach, W. (1981) in Membrane Transport (Bonting,
S.L. and De Pont, JJH.HM, eds.), Vol. 2., pp. 183-208,
Elsevier /North-Holland Biomedical Press, Amsterdam
9 lkemoto, N. (1982) Annu. Rev. Physiol. 44, 297-317
10 Meissner, G. (1973) Biochim. Biophys. Acta 298, 906-926
11 Dupont, Y. (1980) Eur. J. Biochem. 109, 231-238
12 Watanabe, T., Lewis, D., Nakamoto, R., Kurzmack, M.,
Fronticelli, C. and Inesi, G. (1981) Biochemistry 20,
6617-6625
13 Martonosi, A.N. and Beeler, T.J. (1983) in Handbook of
Physiology, Section 10: Skeletal Muscle (Peachey, L.D. and
Adrian, R.H., eds.), pp. 417-482, American Physiological
Society, Bethesda
14 Shigekawa, M., Wakabayashi, S. and Nakamura, H. (1983)
J. Biol. Chem. 258, 86988707
15 Makinose, M. (1973) FEBS Lett. 37, 140-143
16 Ikemoto, N. (1976) J. Biol. Chem. 251, 7275-7277
17 Takisawa, H. and Makinose, M. (1983) J. Biol. Chem. 258,
2986-2992
18 Vianna, A.L. (1975) Biochim. Biophys. Acta 410, 389-406
19 Makinose, M. and Boli, W. (1979) in Cation Flux Across
Biomembranes (Mukohata, Y. and Packer, L., eds.), pp.
89-100, Academic Press, New York
20 Garrahan, P.J., Rega, A.F. and Alonso, G.L. (1976) Bio-
chim. Biophys. Acta 448, 121-132
21 Martonosi, A. (1969) J. Biol. Chem. 244, 613-620
22 Inesi, G., Maring, E., Murphy, A.J. and McFarland, B.H.
(1970) Arch. Biochem. Biophys. 138, 285-294
23 Panet, R., Pick, U. and Selinger, Z. (1971) J. Biol. Chem.
246, 7349-7356

w



24

25

26
27

28

29

30

31

32

33

34

35

36

Kanazawa, T. Yamada S., Yamamoto, T. and Tononura, Y.
(1971) J. Biochem. (Tokyo) 70, 95-123

Shigekawa, M. and Dougherty, J.P. (1978) J. Biol. Chem.
253, 1458-1464

Nakamura, Y. (1984) J. Biol. Chem. 259, 8183-8189
Martonosi, A., Lagwinska, E. and Oliver, M. (1974) Ann.
N.Y. Acad. Sci. 227, 549-567

Yamada, S. and lkemoto, N. (1980) J. Biol. Chem. 255,
3108-3119

Shigekawa, M., Wakabayashi, S. and Nakamura, H. (1983)
J. Biol. Chem. 258, 14157-14161

Wakabayashi, S. and Shigekawa, M. (1984) J. Biol. Chem.
259, 4427-4436

Chiesi, M. and Inesi, G. (1981) Arch. Biochem. Biophys.
208, 586-592

Takakuwa, Y. and Kanazawa, T. (1982) J. Biol. Chem. 257,
426-431

Takakuwa, Y. and. Kanazawa, T. (1982) J. Biol. Chem. 257,
10770-10775

Carvalho, M.G.C., De Souza, D.O.G. and De Meis, L.
(1976) J. Biol. Chem. 251, 3629-3636

De Meis, L. and Fiallo de Mello, M.C. (1973) J. Biol.
Chem. 248, 3691-3701

Souza, D.0.G. and De Meis, L. (1976) J. Biol. Chem. 251,
6355-6359

37
38
39
40
41
42

43

45

46

47
48

Yamada, S. and Tonomura, Y. (1972) J. Biochem. (Tokyo)
72, 417-425

Krasnow, N. (1972) Biochim. Biophys. Acta 282, 187-194
Dos Remeidos, C. (1977) J. Biochem. (Tokyo) 81, 703-708
Chiesi, M. and Inesi, G. (1979) J. Biol. Chem. 254,
10370-10377

Highsmith, S.R. and Head, M.R. (1983) J. Biol. Chem. 258,
68586862 °

Chevallier, J. and Butow, R.A. (1971) Biochemistry 10,
2733-2737

Stephens, E.M. and Grisham, C.M. (1979) Biochemistry 18,
48764885

Itoh, N. and Kawakita, M. (1984) J. Biochem. (Tokyo) 95,
661-669

Martonosi, A., Donley, J. and Halpin, R.A. (1968) J. Biol.
Chem. 243, 61-70

Bjerrum, J., Schwarzenbach, G. and Sielen, L.G. (1964)
Stability Constans, pp. 2460-2465, The Chemical Society,
London

De Meis, L. (1972) Biochemistry 11, 2460-2465

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randal
R.J. (1951) J. Biol. Chem. 193, 265-275



