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The sarcoplasmic reticulum Ca”-ATPase loses hydrolytic activity and the ability to be phosphorylated by Pi following incubation with EDC 
[l-ethyl-3-(3-dimethylaminopropyl)carbodiimide]. 4 nmol of tempamine per mg SR protein can be coupled to either a glu or an asp side chain 
through the EDC reaction. Mgzc protects against loss of activity and tempamine labeling with a mid-point of about 3 mM in the absence of CaZ+. 
This is similar to the Kd for a Mg*+ that serves as a cofactor in enzyme phosphorylation. The Mg’+ protection constant is lowered by an order 
of magnitude when Ca*+ is bound to the transport sites. It is suggested that control of the Mg” binding site affinity may be part of the mechanism 

of enzyme activation by Ca2+. 
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1. I~RODUCTION 

Relaxation of striated muscle cells requires removal 
of calcium ion from the cell’s cytosol. An important part 
of this process is active transport of the ion into the 
lumen of SR membranes. This calcium pumping is car- 
ried out by a calcium ATPase, the membrane’s principal 
intrinsic protein (for recent reviews, see [l-31). The en- 
zyme couples transport of two calciums to hydrolysis of 
one ATP, and undergoes phospho~lation (EP forma- 
tion) during the transport cycle. In addition to the sites 
involved in binding of transported calcium, the 
CaATPase has at least one other metal site to which 
magnesium binds as a cofactor in EP formation from 
ATP or Pi [4-71. Magnesium is also required for binding 
such putative Pi analogs as orthovanadate [8,9] and flu- 
oride [ 10,111; in the latter case, one magnesium becomes 
trapped on the CaATPase as the stable fluoride complex 
forms. Studies utilizing Cr(III)ATP as a substitution- 
inert substrate analog suggest that magnesium binds to 
the enzyme as a complex with ATP [12-141, and that the 
rate of this binding is increased when Ca2+ is bound to 
the transport sites 1141. 

Additional information on the magnesium site’s loca- 
tion would be facilitated by the development of covalent 
labels. Since metal sites generally contain carboxyl 
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Abbreviations: SR, sarcoplasmic reticulum; EDC, l-ethyl-3-(dimethyl- 
aminopropyl) carbodiimide; tempamine, 4-amino-tempo; MOPS, 3- 
(N-morpholino)propane sulfonate. 

groups, reagents that react with this group (e.g. car- 
bodiimides) are likely candidates, particularly if they 
include a cationic group to direct the reagent to the 
negatively charged site. During a study of the affinity 
labeling behavior toward ATPases of an adduct of EDC 
and ATP [15-161, control experiments using EDC (a 
cationic group-containing carbodiimide) itself implied 
it inactivated the enzyme in a magnesium-protectable 
manner. These results, along with the fruitful use of 
EDC as a carboxyl group modifier of another ion pump 
[17], and the successful coupling of the spin-label tem- 
pamine to bacte~orhodopsin [18] prompted us to ex- 
plore further the possibility of covalently labeling a 
magnesium site on the CaATPase. In this report we 
describe the use of EDC and tempamine toward this 
end. 

2. MATERIALS AND METHODS 

SR vesicles were prepared from the white skeletal muscle of rabbit 
hind legs (14. Vesicles were stored in a buffered sucrose medium (30% 
sucrose, 10 mM MOPS, pH 6.8) at 4°C and were used within 4-5 days 
of preparation. ATP, phosph~nolpyruvate, lactic dehydrogenase, py- 
ruvate kinase, NADH, EDC, tempamine and ionophore A23187 were 
purchased from Sigma. 32Pi was obtained from ICN. 

Protein concentrations were obtained from the absorbance at 280 
nm using an optical density of 1.05 cm’ for 1 mg SR protein in 1 ml 
of 1% sodium dodecyl sulfate [20]. Ca-dependent ATPase activity was 
measured with a coupled enzyme assay system [21]. The amount of 
phosphoenzyme intermediate (EP) was determined by quenching an 
aliquot of the EDC reaction mixture into a phosphorylation medium 
containing 2 mM 32Pjr 10 mM MgCl,, 2 mM ECTA, 16% Me,SO, 15 
&ml ionophore A23187, 100 mM MOPS, at pH 6.8 and 4’C, and 
worked up as described previously 1161. 
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2.1. EDC-tempamine labeling 
6 mg SR protein/ml was incubated at 37’C with 3 mM EDC in 100 

mM MOPS, pH 6.8,80 mM KC1 and concentrations of CaCl,, EGTA, 
and MgC& as specified for given experiments. To measure the decrease 
in catalytic activity (Fig. 1), 2 ~1 aliquots were added directly to 1 ml 
of the coupled assay medium at the specified times. To couple tem- 
pamine to the ATPase, tempamine was added 1.5 min after the addi- 
tion of EDC to give a final concentration of 9.6 mM. The degree of 
tempamine labeling (Fig. 4) was determined by diluting a 1 ml aliquot 
into 10 ml of cold buffer at a specified time and pelleting the SR by 
~ntrifugation. Excess tempamine was removed by repeating this proc- 
ess twice. at which point free tempamine was no longer apparent in 
the EPR spectrum. In addition, the EPR spectrum of the i~obilized 
component not did change with repeated washings, indicating that the 
label generating this signal was covalently bound. The final pellet was 
resuspended in a small amount of buffer (approximately a 20 mg SR 
protein/ml) for EPR measurement. The spectrum (taken as the first 
derivative of the absorption) was integrated twice and the integral area 
was compared to a plot of integral area vs. known tempamine concen- 
tration. A Bruker ER-200D EPR spectrometer (X-band) interfaced 
with an IBM S-9001 computer was used with IBM EPR application 
software. 

2.2. Fitting procedures 
Kinetic constants and binding constants were estimated with com- 

puter programs that use a nonlinear regression algo~thm [22] to fit 
exponential or hyperbolic functions. Uncertainties are given as the 
standard error of the estimate. 

3. RESULTS 

When EDC is added to a suspension of SR vesicles, 
the hydrolytic activity of the Ca2’-ATPase is slowly lost. 
A time course for the reaction is shown in Fig. 1. As is 
also shown in the figure, millimolar concentrations of 
Mg*’ in the reaction medium decrease the rate of loss 
in activity. The data are adequately described as a first- 
order complete inactivation with a single Icobs at each 
Mg2+ con~ntration. In Fig. 2, the observed inactivation 
rate constants are plotted as a function of the Mg*’ 
concentration. 

The presence of Ca” in a concentration range that 
would saturate the transport sites did not protect 
against the loss of activity (the rate of inactivation was 
monitored between 0.1 and 50 ,uM free Ca” (data not 
shown); 16 PM was present in the experiments shown 
in Fig. 1). However, if Ca” was not added to the incu- 
bation medium, which contained 2 mM EGTA, a higher 
concentration of Mg2+ was needed to protect against the 
loss in activity (Fig. 2). The E(d estimated for the inacti- 
vation in the presence of 16 ,LJM free Ca*’ was an order 
of magnitude lower than that obtained without added 
Ca”, suggesting that saturation of the Ca2+ transport 
sites substantially increases the affinity of the EDC- 
reactive site for Mg2+. 

It is well established that at least one Mg2+ must bind 
to the catalytic site before the enzyme can be 
phosphorylated by Pi. Through this pathway the trans- 
port sites must be Ca2’ free for phosphorylation to 
occur and the Kd estimated in Fig. 2 from the data 
without the addition of Ca” is similar to the -tu, for the 
site that supports phosphorylation with P, (5.4 mM, 
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Fig. 1. Time course of inactivation of the SR Cd*+-ATPase by EDC 
at various magnesium concentrations. SR vesicles (6 mg/ml) were 
incubated with 3 mM EDC (37°C 2 mM EGTA, 1.8 mM CaC&, 100 
mM MOPS, pH 6.8,80 mM KCI, MgCi, as specified). At the indicated 
times aliquots were diluted into 1 ml of assay buffer for measurement 
of the Ca’+-ATPase activity. The MgCl, in the incubation medium 
was: o, no added Mg’+; O, 0.334 mM; a, 1 mM; V, 2.5 mM; 0,7 mM. 
The lines are drawn using parameters obtained from computer fitting 
the data to a single exponential function. The hydrolytic activity at 

time zero (Ao) was 4.2 PM mg-‘.min-i. 

[23]). In Fig. 3 we show that the ATPase loses the ability 
to be phosphorylated by Pi as the EDC reaction pro- 
gresses. There was no added Mg2’ in the EDC reaction 
mixture, but 10 mM Mg2+ was in the phosphorylation 
medium, demonstrating that once the EDC reaction has 
taken place, subsequent additions of Mg2+ do not re- 
verse the inhibition. Moreover, Ca2’ could be in the 
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Fig. 2. Mg’+ concentration dependence of the rate constant of inacti- 
vation by EDC. Values of k,, were obtained from fits to the time 
courses given in Fig. 1 (CI) and from a set of experiments that were 
identical in all respects except that CaCi, was omitted (of. Lines are 
drawn using parameters obtained from computer fitting the data to 
a saturation function with respective & values of 0.42 mM (IO FM 

free Ca*‘) and 3.1 mM (no added Ca*‘). 
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Fig. 3. Time courses of the ability to form E-P during incubation of 
SR Ca’+-ATPase with EDC. Aliquots were taken from a EDC - SR 
reaction mixture containing no added Mg?+, as described in Fig. 1, and 
diluted into phospho~lation medium at the specified times (it was 
assumed that the dilution factor and the excess Mg” and Pi quenched 

the EDC reaction). 

EDC reaction mixture if it was subsequently chelated by 
EGTA in the phosphorylation medium, demonstrating 
that the modification done in the presence of Ca2’ also 
results in the inhibition of EP formation. EDC modifi- 
cation also inhibited EP formation from ATP (data not 
shown). 

An advantage of using a carbodiimide to modify the 
enzyme is that an amine with a reporter group can be 
coupled to the modified residue and the stoi~~ometry 
of the labeling reaction can be followed. We added tem- 
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pamine, a spin-label, to the reaction medium and as 
shown in Fig. 4a approximately 4 nmol of tempamine 
could be attached to one mg SR protein (an average of 
4.0 + 0.2 was obtained from 5 experiments). This is very 
close to a 1: 1 ratio between the tempamine and the 
ATPase. The leveling of the time course implies that the 
reaction went to compietion (i.e. that there was little 
partial labeling of slower reacting residues). As a con- 
trol, time courses were obtained at higher tempa~ne 
concentrations (up to 50 mM) and there was no evi- 
dence of additional labeling. Further additions of EDC 
during the reaction had no effect on either the rate or 
the stoichiometry, indicating the reagent was not being 
consumed during the reaction. The EPR spectrum of 
the bound tempamine is given in Fig. 4b. The spectrum 
is that of a physically constrained label, which is typi- 
cally observed with spin-labeled proteins. The spectrum 
did not vary with the degree of labeling. 

Additions of millimolar M$ inhibited the tempam- 
ine reaction (Fig. 4a) and the concentration dependence 
of the rate constant for temp~~e inco~oration (from 
the fit to the data given in the figure) was similar to that 
for the inactivation with a midpoint at about 0.3 mM 
Mg2+. It should also be noted that there was no evidence 
of a population of residues that was not protected by the 
M$+. At high Mg2’ concentrations, where the reaction 
rate is decreased by more than a factor of 10, an unpro- 
tected population would be quite apparent in the early 
part of the time course. 16 ,uM free Ca2+ was present in 
the experiments shown in Fig. 4; however, when Ca*’ 
was eliminated from the medium, the stoichiometry, the 
reaction rate, and the EPR spectrum were not signifi- 
cantly altered. 
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Fig. 4. Tempamine Labeling of the SR Ca*‘-ATPase. (a) Time course of the incorporation of tempamine into the SR Ca”-ATPase. Tempamine 
was added to an EDC-SR reaction mixture 1 min after the addition of EDC. Reaction conditions were as given in Fig. 1. Aliquots were taken 
at the specified times, and following extensive washing an EPR spectrum was obtained. Double integration of the spectrum provided the 
stoichiometry (see Section 2). The MgCIZ in the incubation mixture was: 0, no added MgCi,; ~0.33 mM; A, 1 mM; V, 2.5 mM; 0,22 mM. Solid 
lines are drawn using parameters obtained from computer fitting the data to a single exponential function. (b) The EPR spectrum of tempting 

ATPase. M~ulation frequency, 2 G; time constant, 0.16 s; sweep time 500 s; sweep width, 100 G. 
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4. DISCUSSION 

There are two main conclusions that can be derived 
from the experiments presented here: the affinity of the 
enzyme for Mg*+ increases by an order of magnitude 
when Ca*’ binds to the transport sites, and a carboxyl 
residue at (or very near) the putative Mg2+ site is reac- 
tive toward EDC and can be selectively labeled with 
tempamine. There is no reason to assume that EDC 
reacts with only one residue; the 0-acylisourea reaction 
intermediate can proceed through several pathways. 
However, it appears that only one residue preferentially 
reacts with the added tempamine (Fig. 4), and, as only 
a carboxylate group can proceed through the pathway 
that forms an amide, the reactive residue is likely to be 
either a glutamic or an aspartic acid. 

In view of evidence for calcium site reactivity toward 
nonpolar carbodiimides [24-261, it is noteworthy that 
calcium bound to the transport sites conferred no pro- 
tection from inactivation by EDC. This suggests that 
calcium site labeling is not significantly involved in reac- 
tion with the polar EDC. 

Here, a correlation can be made between the loss of 
activity and tempamine labeling by the protective effect 
of Mg*+. There is no evidence that more than one Mg*+ 
site is involved in the protection, and there is no residual 
population of residues that cannot be protected from 
either the inactivation or the spin-labeling. (The latter 
point is important in that a constrained spectrum can 
be generated when a spin label partitions into a mem- 
brane. The protection afforded by Mg*+ and the ability 
to endure extensive washing indicate that contributions 
from noncovalently bound label are minimal.) Thus, it 
would appear that the carboxyl residue that is labeled 
by tempamine is responsible for the loss of activity, and 
it is likely that this residue either comprises one of the 
Mg2+ ligands, or is sufficiently close to the Mg2+ site that 
cation binding inhibits the labeling. 

There is considerable evidence that a Mg2+ binding 
site comprises part of a larger catalytic site [5,23,27,28] 
and that Mg*’ can bind independently, in a random 
mechanism, with either Pi [5,23] or ATP [28] to function 
as a cofactor for phosphorylation. There are no proper- 
ties of Mg*+ that facilitate measurement of its binding, 
and most estimations of binding properties come from 
following the Mg*+ dependence of EP formation. For 
the most part Pi has been used because of complications 
from the hydrolytic activity of ATP, and this has pre- 
cluded measurements with Ca” on the transport sites. 
A recent exception is the measurement of the concentra- 
tion dependence of the Mg*’ requirement for reaction 
of an adduct of ATP and EDC with the Ca”-ATPase; 
the results showed a midpoint at 3 mM magnesium [16]. 
Another is the study by Reinstein and Jencks in which 
competition between Ca*’ and Mg*+ at the catalytic site 
was used to estimate cation binding constants with ATP 
as the phosphorylating substrate. Estimations of the Kd 
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from the latter study, with and without Ca2’ on the 
transport sites, was similar to the those obtained from 
the data in Fig. 2 [28]. 

An advantage of the method used here is that it does 
not require the presence of a phosphorylating substrate, 
and provides a fairly direct means of measuring the 
Mg*+ affinity, irrespective of other ligands. In turn, the 
Ca*’ dependence of the Mg2+ Kd demonstrates that the 
two metal sites can communicate, independently of the 
substrate, although they are quite distal from each 
other. The stringent requirement of Ca2+ binding to the 
transport sites for the utilization of ATP is well estab- 
lished. Phosphorylation is a key step in this utilization. 
It would seem, therefore, that an increase in the affinity 
of the enzyme for Mg2+ may be part of the activation 
process. 
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