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ABSTRACT: Sarcoplasmic reticulum ATPase is phosphorylated by ATP in the presence of calcium, with 
a consequent reduction of the affinity of the binding sites for calcium and dissociation of the divalent cation 
from the enzyme. ATPase phosphorylation with Pi, on the other hand, requires prior removal of calcium 
from the enzyme, indicating that the energy requirement for phosphorylatiun of the enzymecalcium complex 
can be met by ATP but not by Pi. We find that when the energy yield of the Pi reaction with the enzyme 
is increased by the addition of dimethyl sulfoxide to the medium, ATPase phosphorylation with Pi occurs 
even in the presence of calcium, and the binding sites undergo a reduction in affinity with consequent 
dissociation of Ca2+ from the enzyme, in analogy to the effect of ATP. It is thereby demonstrated ex- 
perimentally that an essential step in the coupling of catalytic and transport activities is an interdependence 
and mutual ligand exclusion of the phosphorylation and calcium sites, in which ATP does not play a direct 
role. An important difference between the effects of ATP and Pi is that the former produces dissociation 
of Ca2+ inside the vesicles as the result of advancement of the catalytic cycle in the forward direction, while 
Pi produces dissociation of calcium into the outer medium as a consequence of equilibration of enzyme states 
producing a shift in the reverse direction of the enzyme cycle. These observations demonstrate how 
equilibration of intermediate enzyme states determines extent and direction of overall reaction flow. It is 
also found that in the presence of dimethyl sulfoxide ATP can undergo hydrolysis (at very low rates) even 
in the absence of calcium, indicating that the coupling rules are not absolute, and it is possible for the reaction 
flow to proceed through shunted pathways depending on the experimental conditions. 

I t  is well established that active transport of Ca2+ in sarco- 
plasmic reticulum (SR) vesicles requires a change in orien- 
tation and a reduction of the affinity of the ATPase sites for 

Ca2+ (Inesi et al., 1978a; de Meis & Vianna, 1979). This 
transformation occurs as a consequence of phosphoryl transfer 
from ATP to an aspartyl residue of the ATPase catalytic site 
(Yamamoto & Tonomura, 1967; Makinose, 1969; Bastide et 

required for this transformation is derived. The phosphory- 
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lation reaction with ATP requires the presence of calcium at 
the activation (and transport) sites of the enzyme. This bound 
calcium is translocated from the outer surface of the membrane 
and released inside the vesicles following enzyme phoshory- 
lation and related transformation of the binding sites (Inesi 
et al., 1978b). 

The same aspartyl residue of the catalytic site can also be 
phosphorylated by Pi (Masuda & de Meis, 1973). In contrast 
to the phosphorylation with ATP, the Pi reaction requires 
removal of calcium since calcium occupancy of the binding 
sites inhibits enzyme phosphorylation by Pi. This suggests that 
the free-energy requirement for the phosphorylation reaction 
and related transformation of the binding sites is much greater 
when these sites are occupied by calcium then when they are 
not. Normally, this requirement is met by ATP. However, 
we find now that when the interaction of the enzyme with Pi 
is favored by the addition of dimethyl sulfoxide (Me2SO), the 
phosphorylation occurs (with a much lower Pi concentration 
dependence) even in the presence of Ca2+ and is also accom- 
panied by a reduction of the affinity of the binding sites for 
Ca2+. 

MATERIALS AND METHODS 
S R  vesicles (Eletr & Inesi, 1972) and ATPase assembled 

in leaky vesicles (Meissner et al., 1973) were prepared as 
previously described. Protein was determined by the Folin 
method standardized with bovine albumin. 

Enzyme phosphorylation was obtained by incubation with 
[32P]Pi or [ T - ~ ~ P I A T P  in appropriate reaction mixtures (see 
legends to figures). The reaction was quenched with an equal 
volume of 0.25 M PCA and 2 mM Pi, and a volume of the 
quenched reaction mixture corresponding to 0.1 mg of protein 
was placed on a 0.45-pm Millipore filter under vacuum. 
Following repeated washing with 0.125 M PCA and 1 mM 
Pi, the filter was dissolved in 1 mL of dimethylformamide, and 
the radioactivity remaining with the filter was determined by 
scintillation counting. 

Calcium binding was measured in reaction mixtures iden- 
tical with those used for enzyme phosphorylation, except that 
instead of radioactive phosphate 45CaC12 and [3H]glucose were 
added for determination of calcium and medium volume in 
the filters, as previously described (Wantanabe et al., 1981). 
The excess calcium over medium calcium was assumed to be 
bound to the SR vesicles. Contaminant calcium in SR vesicles 
(1 5-20 nmol/mg of protein) and reaction medium was mea- 
sured with the use of murexide, as previously described (Dani 
et al., 1979). ATPase activity was assayed by measuring the 
release of [32P]Pi from [T-~~PIATP.  After precipitation with 
PCA, the [32P]Pi was extracted as the phosphomolybdate 
complex with a mixture of benzene and isobutyl alcohol (de 
Meis et al., 1974). 

RESULTS AND DISCUSSION 
In preliminary experiments, we confirmed that addition of 

Me2S0 to an aqueous medium (40% v/v) decreases the Pi 
concentration (from - to - lo5 M) required for phos- 
phorylation of SR ATPase in the absence of Ca2+ and increases 
the equilibrium constant of the phosphorylation reaction (de 
Meis et al., 1980). Furthermore, we found that while in totally 
aqueous media enzyme phosphorylation with Pi is inhibited 
by low (micromolar) Ca2+, maximal phosphcenzyme levels are 
obtained in the presence of -40 pM Ca2+ when Me2S0 is 
added (Figure 1). However, higher concentrations of Ca2+ 
inhibit the phosphorylation reaction even in the presence of 
Me2S0, and reduction of the phaphoenzyme to half-maximal 
levels is produced by 100-400 p M  Ca. These effects of higher 

SECONDS MINUTES MINUTES 

FIGURE 1: Enz me phosphorylation by Pi in the absence and in the 
presence of caJ+ , at pH 6.1 and 8.0. The assay medium consisted 
of 20 mM MgC12, 1 mM [32P]Pi, 40% (v/v) dimethyl sulfoxide, and 
either of the following: (A) 0.5 mM EGTA [ethylene glycol his(@- 
aminoethyl ether)-N,N,N',N'-tetraacetic acid] and 100 mM either 
MES [4-morpholineethanesulfonic acid] buffer, pH 6.1 (0), or 
Tris-HC1 [tris(hydroxymethyl)aminomethane], pH 8.0 (0); (B) 100 
mM MES buffer, pH 6.1, and 40 (0) or 200 pM (A) CaCI,; (C) 100 
mM Tris-HC1 buffer (pH 8.0) and 40 (0) or 200 pM (A) CaC12. 
The reaction was started by the addition of vesicles to a final con- 
centration of 0.5 mg of protein/mL and quenched at serial time 
intervals. temperature was 35 OC. 

0 3 t  

0 40 100 201 
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FIGURE 2: Initial burst of enzyme phosphorylation with Pi in the 
presence of Ca2+. Vesicles (0.5 mg of protein/mL) were preincubated 
for 10 min in a medium containing 20 mm MgC12, 40% (v/v) dimethyl 
sulfoxide, Ca2+ at the concentrations shown in the figure, and 100 
mM of either MES buffer, pH 6.1 (O), or Tris-HC1 buffer, pH 8.0 
(0). The phosphorylation reaction was then started by the addition 
of [32P]Pi (final concentration 1 mM) and quenched after 20-s in- 
cubation at 35 OC. 

Ca2+ concentrations (Figure 1) retain a pH dependence (be- 
tween 6 and 7), while the pH dependence of the Pi concen- 
tration requirement for the phosphorylation reaction is lost 
when Me2S0 is present. Therefore, calcium binding is affected 
by ionization of specific residues that are distinct from those 
affecting the Pi concentration dependence of the phosphory- 
lation reaction. 

When Pi is added to S R  vesicles in the presence of Me2S0 
and in the absence of Ca2+, the phosphoenzyme level increases 
monotonically with a rate constant of 0.0054.3 s-I, depending 
on the pH (Figure 1). On the other hand, if Pi is added to 
SR vesicles preincubated with 40-200 pM Ca2+, the phos- 
phorylation reaction (at pH 6.1) includes a slow kinetic com- 
ponent (0.1 m i d )  in addition to the fast component (Figure 
1B). The fraction of enzyme phosphorylated at a fast rate 
decreases as the Ca2+ concentration is raised (Figure 2). At 
alkaline pH (Figure lC), the slow component is largely 
prevalent, due to the higher affinity of the binding sites for 
Ca2+ at low H+ concentrations (Hill & Inesi, 1982). We 
attribute the fast kinetic component to phosphorylation of 
enzyme molecules with binding sites free of calcium and the 
slow component to a slow step related to calcium release and 
preceding phosphorylation of enzyme molecules occupied by 
calcium. In fact, when we measured calcium binding in 
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Table I: Extent of 'Rapid" and "Slow" Enzyme Phosphorylation by Pi and Calcium Binding before and after Enzyme Phosphorylation' 
E-P (rmol/g of protein) incubation time Ca bound (pmol/g of protein) 

PH 20 s 60 min before Pi after P, 
6.1 2.48 * 0.05 (4) 3.89 f 0.07 (4) 4.59 f 0.56 (6) 1.82 f 0.47 (6) 
7.0 0.05 f 0.03 (10) 1.97 f 0.10 (10) 9.30 f 1.03 (15) 4.14 f 0.50 (15) 

'Note that stoichiometry of calcium release is approximately twice that of the 'slow phosphorylation". Conditions were 100 mM buffer (MES, 
MOPS, or Tris-HCl), 20 mM MgC12, 5 mM ['H]glucose, 40 pM 45CaZ+ (measured), 1 mM Pi, 40% Me,SO, and 0.5 mg of SRV protein/mL. Assay 
performed at 35 "C for calcium binding. 45Ca, [3H]glucose, and nonradioactive Pi were used. For phosphoenzyme formation, [325P]P, and nonra- 
dioactive Ca2+ and glucose were used. The vesicles were preincubated 10 min with Ca2+ before the addition of Pi. Values are average f SE of the 
number of experiments shown in parentheses. 

Table 11: Levels of Enzyme Phosphorylation by ATP and Calcium Binding before and after Phosphorylation in Intact and Leaky Vesicles" 
intact vesicles (SRV) leaky vesicles (Meissner) 

Ca bound (pmol/g of protein) Ca bound (pmol/g of protein) E-P (pmol/g of 
ATP (mM) protein) before ATP after ATP E-P (pmol/g of protein) before ATP after ATP 

0.1 2.15 f 0.07 (6) 8.13 f 0.38 (16) 7.88 f 0.65 (10) 1.82 f 0.08 (6) 9.36 f 0.46 (16) 4.56 f 0.52 (16) 
1 .o 2.87 f 0.11 (12) 7.35 f 0.35 (14) 1.98 f 0.15 (12) 4.13 f 0.23 (13) 

'Note that no calcium is released into the outside medium from the ATPase of intact vesicles, while 2 mol of calcium/mol of phosphorylated 
enzyme is released onto the outside medium from the ATPase of leaky vesicles. Conditions were 100 mM MOPS, pH 7.0, 20 mM MgC12, 40 pM 
Ca2+, 5 mM glucose, 40% Me2S0, and 0.5 mg/ml SRV or Meissner enzyme. Temperature was 35 "C. The enzyme was preincubated with 45Ca for 
10 min before addition of ATP-samples were filtered (Ca binding) or quenched with perchloric acid (E-P) after 30 s or 2 min. Essentially the same 
values of calcium binding and E-P were obtained at both incubation intervals. Values are the average f SE of the number of experiments in 
parentheses. 
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FIGURE 3: Phosphorylation by Pi and Ca2+ dissociation. Calcium 
binding (0) was measured in a medium containing 100 mM MOPS 
buffer, pH 7.1 (A), or MES buffer, pH 7.1 (B), 20 mM MgCI2, 40% 
(v/v) dimethyl sulfoxide, 5 mM [3H]glucose, vesicles to a final 
concentration of 0.5 mg of protein/mL, and 45CaC12 to a final con- 
centration of 45 pM. Contaminant calcium in the medium and SR 
vesicles was measured before the addition of 45Ca. The reaction was 
started by the addition of Pi to a final concentration of 1 mM, and 
0.3-mL samples were filtered to Millipore filters after different in- 
cubation intervals at  35 OC. In the figure, zero time refers to 45Ca 
bound to the vesicles before the addition of Pi. Enzyme phosphorylation 
of Pi (0) was measured using the same reaction medium except that 
[32P]Pi and nonradioactive CaCI2 and glucose were used. 

parallel with enzyme phosphorylation with Pi, w e  found that 
2 mol of calcium is released into the outside medium per each 
molecule of enzyme undergoing slow phosphorylation (Figures 
3 a n d  4 a n d  Table I). Concentrations of Ca2+ sufficiently 
high to keep the divalent cation bound to the enzyme ( K  N 

400 pM at pH 6; K 100 pM at pH 8) effectively reduce 
the levels of phosphorylated enzyme (Figure 1). 

If the ATPase of native SR vesicles is phosphorylated with 
ATP instead of Pi, no Ca2+ release into the outside medium 
is observed (Table  11). On the other  hand, when phospho- 
rylation with ATP is carried out on purified ATPase (Meissner 
et al., 1973), which is reassembled in leaky vesicles, Ca2+ 
release from the enzyme is observed (Table 11). This indicates 
that, following phosphorylation with ATP, Ca2+ is released 
inside the vesicles and can be observed in the outside medium 
only if t h e  vesicles are leaky. O n  the contrary,  enzyme 
phosphorylation with Pi produces Ca2+ dissociation from the  

0 LO,c' 60 2N 

MINUTES 
FIGURE 4: Calcium-induced decay of phosphoenzyme formed with 
Pi. SR vesicles (0.5 mg of protein/mL) were phosphorylated in a 
medium containing 50 mM Tris-maleate buffer (pH 6.0), 20 mM 
MgC12, 1 mM ['2P]Pi, 40% (v/v) dimethyl sulfoxide, and 0.1 mM 
EGTA. After 5 min of incubation a t  35 OC, CaCI, was added to a 
final concentration of 0.3 (0) or 5.1 mM (0). The reaction was 
quenched at  serial times following the addition of CaC1,. 

Scheme I 

I '  

enzyme into the outside medium directly. These observations 
can be explained with Scheme I in which the binding sites a r e  
considered to be either in a high-affinity and outward-oriented 
state (E) or in a low-affinity and inward-oriented state (*E). 
We suggest that  free-energy input of A T P  of reaction 3 favors 
the forward direction of the cycle with consequent dissociation 
of Ca2+ inside the  vesicles (reactions 5 and 6).  O n  the  other 
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FIGURE 5: ATPase activity and hosphorylation by ATP in the 
presence and in the absence of Cap+. The assay medium consisted 
of 100 mM MOPS buffer (pH 7.0), 20 mM MgCI2, 40% (v/v) 
dimethyl sulfoxide, 5 mM glucose, 1 mM [y-32P]ATP, and either 40 
MM CaCI, (A) or 1 mM EGTA (B). The reaction was started by 
the addition of intact or leaky vesicles, to a final concentraion of 0.5 
mg of protein/mL. The assay was performed at 35 OC. (0, 0)  
phosphoenzyme; (A, A) ATPase activity; (0, A) intact vesicles; (0, 
A) leaky vesicles. 

hand, MezSO increases the free-energy yield of enzyme 
phosphorylation with Pi (reaction 6),  thereby favoring the 
reverse direction of the cycle and permitting Ca2+ release into 
the outside medium by reequilibration of reactions 1 and 2. 
When high Ca2+ is added in these conditions, the binding sites 
of *E (low-affinity state) are saturated with calcium, and the 
phosphoenzyme level decays (Figure 4), since *E Ca cannot 
be phosphorylated by Pi. If thermodynamic limitations are 
overcome then, it is possible to demonstrate experimentally 
that ATP is not strictly necessary, but the presence of phos- 
phate is sufficient for the basic step in the coupling mechanism 
between catalysis and transport. This is related to an inter- 
dependence and mutual ligand exclusion of the phosphorylation 
and calcium sites, as suggested by experiments with vanadate 
(Medda & Hasselbach, 1983; Inesi et al., 1984). Theoretical 
principles regarding energy utilization for reciprocal effects 
on distinct binding sites have been discussed extensively 
(Wyman, 1964; Weber, 1972; Jencks, 1980; Hill & Eisenberg, 
1981; Tanford, 1982). 

A final point of interest in our experimentation is that in 
the presence of Me2S0 significant phosphoenzyme levels and 
Pi production (Figure 5) are obtained with ATP as a substrate 
even in the absence of Ca2+. This is in agreement with previous 
observations on the utilization of furylacryloyl phosphate (Inesi 
et al., 1980) and ATP (Carvalho-Alves & Scofano, 1983) in 
the absence of Ca2+, and suggests that substrate flow can occur 
in special conditions through shunted pathways (dotted lines 
in Scheme I) bypassing calcium activation and transport. 
Therefore, the coupling rules are not absolute, and the Ca to 
ATP coupling ratios observed in steady-state transport are 
frequently less than a perfect 2. The contribution of different 
intermediate states (resulting from microscopic equilibria) to 
the overall reaction flow of SR ATPase has been considered 
in detail by Inesi & Hill (1983). 

Registry No. ATPase, 9000-83-3; ATP, 56-65-5; Pi, 14265-44-2; 
Ca, 7440-10-2. 
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