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Abstract 

The presence of calcium stimulated adenosine triphosphatase (Ca2+,Mg2+-ATPase) activity in isolated transverse tubule (t-tubule) 
membranes is distinguished from magnesium adenosine triphosphatase (Mg2+-ATPase) activity on the basis of differing thermal 
stabilities. The Mg2+-ATPase is the major protein component of the t-tubule membrane, and it can be difficult to discriminate between 
the low levels of Ca 2÷ stimulated ATPase activity found in isolates of t-tubules compared to the much higher Mg2+-ATPase activity. 
Thermal analysis reveals different inactivation temperatures (T i) for the proteins responsible for ATP dependent calcium transport 
(T i = 49°C) and Mg2+-ATPase activity (T i = 57°C) in isolated t-tubule membranes. The differential scanning calorimetry profile of 
t-tubule membranes consists of three major components with transition temperatures (T m) of 51°C, 57°C and 63°C. Denaturation of the 
component with T m = 57°C correlates with inactivation of Mg2+-ATPase activity, and denaturation of the T m = 51°C component 
correlates with the inactivation of Ca2+,Mg2+-ATPase activity and calcium transport. The functions of the t-tubule membrane component 
or components that denature with T m = 63°C have yet to be identified. The lack of stimulation of calcium transport in isolated t-tubules by 
oxalate, the impermeability of isolated t-tubules to oxalate, and experiments performed on t-tubules with defined amounts of sarcoplasmic 
reticulum (SR) added suggest that contamination of the isolated t-tubules by SR is unlikely to account for the level of Ca2+,Mg2÷-ATPase 
activity detected. The presence of a Ca2+,Mg2+-ATPase in the t-tubule membrane would provide a mechanism that may be involved in 
the partial removal of calcium that is accumulated in the junctional space during muscle relaxation or calcium that is released from the 
terminal cisternae of sarcoplasmic reticulum during excitation-contraction coupling. 
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1. Introduction 

Transverse tubule (t-tubule) membranes from skeletal 
muscle are invaginations of  the cell membrane (sarco- 
lemma (SL)) which act as a conduit for the muscle action 
potential to the fiber interior and serve as the site for 
coupling the action potential to the rapid release of  Ca 2÷ 
from the terminal cisternae of  the sarcoplasmic reticulum 
(SR). The receptor for the Ca 2÷ blocker dihydropyridine 
(DHP) is enriched 50-fold in the t-tubule membrane with 
respect to SL [1]. The DHP receptor acts as a voltage 
dependent Ca 2÷ channel in other cellular systems, but 
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Ca 2+ influx is not necessary for contraction in skeletal 
muscle [2]. However, it has been shown that DHP recep- 
tors purified from the t-tubule membrane from skeletal 
muscle and reconstituted into phospholipid vesicles give 
functional Ca 2+ channels with appropriate pharmacologi- 
cal properties [3]. Although the receptors are voltage sensi- 
tive, only a few percent are activated during voltage clamp 
stimuli and function as  C a  2+ channels [4]. 

There is evidence that s o m e  C a  2+ influx occurs during 
contraction of  skeletal muscle [2,5]. In addition, Dunn [6] 
obtained a voltage dependent C a  2+ efflux from highly 
purified inside out t-tubule vesicles which was modulated 
by Ca 2+ channel blockers and activators. The function of  
any Ca 2+ influx is unknown, but Ca 2÷ homeostasis re- 
quires a mechanism of active transport out of  the cell. 
Several studies suggest that ATP dependent and other 
Ca 2+ translocation mechanisms are present in the SL [7-9]  
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and the t-tubule membrane [10-12]. These may be in- 
volved in the regulation of intracellular Ca 2+. 

A major problem in studying calcium transport and in 
measuring possible Ca2+,Mg2+-ATPase activity in the t- 
tubule membrane is the large enzymatic activity of the 
Mg2+-ATPase compared to the small Ca 2 ÷,Mg2+-ATPase 
activity associated with highly purified t-tubule membrane 
preparations [13-15]. In the present study we differentiate 
between the Mg2+-ATPase and Ca2+,Mg2+-ATPase activ- 
ities in highly purified t-tubule membranes by means of 
their differing thermal stabilities and associate the inhibi- 
tion of each activity with specific peaks in the denaturation 
profile as determined by differential scanning calorimetry. 

2. Material and methods 

2.1. Isolation of t-tubules and sarcoplasmic reticulum 

T-tubule membranes were isolated from New Zealand 
white rabbits by minor modification of the differential 
sedimentation procedure previously described by Rosem- 
blatt et al. [16]. When required, isolated t-tubule mem- 
branes were incubated in a Ca 2÷ loading solution in the 
presence of 5 mM potassium oxalate, and an additional 
centrifugation through a 25%/45% discontinuous sucrose 
gradient was done to remove Ca2+-oxalate loaded vesicles 
[14]. Heavy (HSR) and light (LSR) sarcoplasmic reticulum 
were isolated essentially as described by Campbell et al. 
[17]. 

2.2. Thermal inactivation 

Isolated t-tubule membranes at 1.5-2 mg /ml  were 
heated in 0.3 M sucrose, 20 mM Tes, and 1 mM DTr,  pH 
7.0 in a water bath at a heating rate of l°C/min.  Samples 
were removed at time intervals of 1 min from 30°C to 
70°C and placed on ice until all samples were collected. 
Each sample was kept on ice approximately the same 
amount of time before the assays of ATPase activity 
(Mg 2+ or Ca2+,Mg 2+) or Ca 2+ uptake were made at 
room temperature. An inactivation curve was generated by 
plotting activity as a fraction of control activity (no heat- 
ing) vs. temperature. The inactivation temperature (Ti), 
defined as the temperature of half inactivation, corresponds 
to the temperature recorded at half the area of the deconvo- 
luted peaks obtained from the derivative of the inactivation 
curves. For all the inactivation experiments the curves are 
not symmetrical; therefore T i does not correspond to the 
peak temperature. 

2.3. Differential scanning calorimetry 

Calorimetric experiments were performed with a high 
resolution Microcal MC2 differential scanning calorimeter 
(DSC) interfaced to a DEC 380 computer with an auto- 

matic data collection system as has been described previ- 
ously [18]. For DSC experiments, t-tubule membranes 
were suspended in the same solution used for thermal 
inactivation. An initial DSC scan of t-tubule membranes (8 
to 10 mg/ml  protein) was obtained at a scanning rate of 
l °C/min  from 10 to 100°C. The sample was immediately 
cooled to 10°C followed by a rescan to 100°C. Denatura- 
tion was completely irreversible after scanning to 100°C. 
Intrinsic baseline curvature was corrected by subtracting 
the rescan. The shift in specific heat on denaturation 
(ACp) was corrected as described previously [18]. 

Both the DSC scans and derivative curves of inactiva- 
tion of ATPase activity were deconvoluted using a recur- 
sive minimization routine assuming irreversible denatura- 
tion and inactivation as described previously [18]. This 
procedure requires that denaturation and inactivation can 
be approximated by a two state reaction of the form 

k 
N ~ D obeying pseudo-first-order kinetics, where the tem- 

perature dependence of the rate constant k is given by the 
Arrhenius relation. The fraction of each component dena- 
tured or inactivated (fD) is given by 

fD[T(t)]  = 1 -- exp EAr exp ( T -  To) 

where Tc is the temperature at which k =  1, E A the 
activation energy, and v the scan rate. The derivative of 
fD as a function of temperature (d fD/dT)  is proportional 
to the excess Cp which is also proportional to the tempera- 
ture derivative of activity. The transition temperature (T m) 
is defined as the temperature of half denaturation, and 
corresponds to the temperature at half the area under the 
individual peaks after the DSC scans are deconvoluted. 

2.4. ATPase activity measurements 

ATPase activities at 25°C were determined by an en- 
zyme-coupled assay essentially as described by McClure 
[19] containing 1 mM ouabain. This assay follows the 
formation of ADP by observing the change in absorbance 
at 340 n m  as NADH is oxidized by the coupling system. 
The Mg2+-ATPase activity was measured in the presence 
of EGTA (1 mM), and the Ca2+,Mg2+-ATPase activity is 
the difference between the activity measured with CaC12 
(0.1 mM) and the activity measured with EGTA. Parallel 
measurement of activity by inorganic phosphate release 
were determined colorimetrically [20] for some experi- 
ments and gave similar results to activity determined by 
the coupled enzyme system. 

2.5. Calcium uptake 

Calcium transport was measured at 25°C in a solution 
containing 0.1 mM CaC12, 0.1 M KC1, 5 mM MgCI 2, 20 
mM Tes, 1 mM ATP and 0.07 mM Arsenazo III from the 
change in absorbance at 660 nm both in the presence and 
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absence of 5 mM potassium oxalate [21]. The rate of 
uptake was calculated from the linear change in ab- 
sorbance during the first five minutes of the assay. 

2.6. [14 C]Oxalate uptake 

[14C]Oxalate uptake by isolated t-tubules and SR was 
measured as a function of time at room temperature in the 
solution for Ca 2÷ uptake described above containing lac- 
labelled potassium oxalate. Isolated membranes at a con- 
centration of 0.05 m g /ml  were added to the oxalate uptake 
solution containing 0.1 mM CaCI 2, 0.1 M KC1, 20 mM 
Tes, 5 mM MgCI 2, 5 mM potassium oxalate, 5 ~ C i / m l  
[14C]oxalate and 1 mM ATP, pH 7.0. Aliquots of 0.5 ml 
were filtered through Millipore filters (0.45 /zm), and the 
filters were washed with a 20-fold volume of ice-cold 
solution containing 10 mM EGTA, 5 mM MgC12, 20 mM 
Tes, pH 7.0 (quench solution) before counting. 

3. Results 

3.1. Thermal inactivation of ATPase activity 

Isolated t-tubule membranes, which are oriented primar- 
ily inside-out [22,23], have a high level of Mg2+-ATPase 
activity which is stimulated slightly in the presence of 0.1 
mM CaC12. The average Mg2+-ATPase activity was 2.26 
_+ 0.23 /zmol /mg per min. Any purported ecto Mg 2+- 
ATPase activity in sealed inside-out vesicles would not 
have been measured by the assay used [24]. The activity of 
the CaZ+,MgZ+-ATPase, which is the difference between 
Ca 2+, Mg z+ and Mg 2+ stimulated ATPase activities, was 
0.140 _+ 0.008 /xmol/mg per min as determined from 13 
isolations. The extent of stimulation by Ca 2+ was nearly 
constant for each isolation (6.2 + 0.6%), although the level 
of MgZ+-ATPase activity was somewhat variable. This 
CaZ+,MgZ+-ATPase activity could be due to a distinct 
ATPase or to stimulation of the Mg2+-ATPase by calcium. 

This was investigated by measuring the thermal inacti- 
vation of both Mg 2+ and Ca2+,MgZ+-ATPase activities. 
Irreversible inactivation occurred at temperatures in excess 
of 40°C and was complete after heating to 65-70°C. A 
controlled heating rate of l °C/min  was used since irre- 
versible enzyme inactivation is dependent on both temper- 
ature and time of exposure, necessitating carefully con- 
trolled heating for quantitative comparison of inactivation 
[18]. 

To better visualize the transition between the active ---) 
inactive form of the enzymes, the first derivative of the 
inactivation curves (Fig. 1) was calculated and plotted as a 
function of temperature (Fig. 2A, B and C). The inactiva- 
tion temperature (T i) was calculated for each component 
from these curves. Only one transition with T i - 57.1°C _+ 
0.3 (4 experiments) was found when the ATPase activity 
was measured in the presence of EGTA, the usual condi- 
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Fig. 1. Thermal inactivation of ATPase activity of t-tubule membranes. 
Normalized ATPase activity in the presence of 1 mM EGTA (0 ,  Mg 2+ 
stimulated) and 0.1 mM CaC12 (Ca2+,Mg2+ stimulated, ©) is plotted as 
a function of temperature increased at l°C/min. 

tion for measuring Mg2+-ATPase activity (Fig. 2A). How- 
ever, two transitions with T i values of 49.3°C + 0.3 (peak 
A, 3 experiments) and 57°C (peak B) were observed when 
0.1 mM CaC12 was added to the reaction solution to 
measure the combined Mg 2÷ and Ca2+,MgZ+-ATPase ac- 
tivities (Fig. 2B). The single peak in Fig. 2A at T i = 57°C 
represents the Ca 2÷ independent MgZ+-ATPase activity. 
In the presence of Ca 2+, a second component shows up 
with a lower transition temperature of T i = 49°C. The 
ATPase activity of the second component, which is propor- 
tional to the area under the peak, corresponds to about 
10% of the total ATPase activity as determined by decon- 
volution of the peaks in Fig. 2B. This is consistent with the 
6% stimulation of ATPase activity on addition of 0.1 mM 
C a  2+. 

Contribution to the overall ATPase activity by the 
Na+/K+-ATPase was minimized by conducting all AT- 
Pase assays in the presence of 1 mM ouabain and having 
only trace amounts of Na + and K + present. In any case, 
background Na+/K+-ATPase activity would have no ef- 
fect on the CaZ+,Mg2+-ATPase and MgZ+-ATPase inacti- 
vation temperatures. 

The inactivation curve of MgZ+-ATPase activity can be 
fit well by the curve (dotted line in Fig. 2A) predicted for a 

k 
single irreversible transition of the form N ~ D where N 

and D are the native and denatured forms, respectively, 
with an activation energy (E A) of 190 kJ /mol  for the rate 
constant of inactivation k. The inactivation curve of com- 
bined Mg 2+ and CaZ+,Mg/+-ATPase activity requires two 
transitions with E a values of 427 kJ /mol  for inactivation 
of the CaZ+,Mg2+-ATPase activity and 190 kJ /mol  for 
inactivation of the MgZ+-ATPase activity. 

Thermal inactivation of ATP dependent Ca 2+ transport 
has a T~ equal to that for Ca2+,Mg2+-ATPase activity 
(49.0°C _+ 0.2 (3 experiments)). Fig. 2C shows the deriva- 
tive of the normalized activity as a function of tempera- 
ture. There is complete inactivation above 53°C, a temper- 
ature at which there is little inactivation of the Mg 2+- 
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ATPase. The E A obtained from curve fitting is 543 kJ/mol,  
similar to that for inactivation of the Ca2+,Mg2+-ATPase 
activity. Thus, Mg2+-ATPase activity in the presence of 
0.1 mM Ca 2+ in isolated t-tubules membranes consists of 
two components with the more thermally sensitive compo- 
nent responsible for Ca 2+ transport. 

The values for the activities plotted in Figs. 1 and 2 
were normalized to those of the unheated control. The 
average control values were 0.140 /zmol /mg per min for 
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Fig. 2. First derivative of the inactivation of ATPase activity as a function 
of temperature. The experimental curves are given by the solid lines, the 
best fit theoretical curves for each component (labelled A and B) by the 
dotted lines, and the sum of the two components (Fig. 2B) by the dashed 
line. (A) Inactivation of ATPase activity in the presence of EGTA (O, 
MgZ+-ATPase activity). (B) Inactivation of Ca2+,Mg2+-stimulated 
ATPase activity (O)  and the best two component fit. (C) Comparison of 
the inactivation of ATP dependent Ca 2+ uptake (A)  and Ca2+,Mg 2+- 
ATPase (©)  and Mg2+-ATPase (Q)  activities. 
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Fig. 3. Differential scanning calorimetry profile (Cp (excess) vs. tempera- 
ture) of t-tubule membranes. The solid, dotted, and dashed lines represent 
the original profile, the individual components obtained by deconvolu- 
tion, and the sum of the components, respectively. Values for the 
transition temperatures are (means + S.E. taken from three separate mem- 
brane preparations): TIn(A) = 51.3 + 0.6°C, TIn(B) = 57.1 +_0.1°C and 
TIn(C) = 63.2 _ 0.6°C. 

Ca2+,Mg2+-ATPase activity and 0.146 + 0.54 /zmol/mg 
per min (4 experiments) for Ca 2+ uptake. These give a 
coupling ratio of approximately one which indicates that 
nearly all the Ca 2+ uptake was into well sealed vesicles. 

3.2. Differential scanning calorimetry of t-tubule mem- 
branes 

The thermal denaturation profile of isolated t-tubule 
membranes obtained by differential scanning calorimetry 
(DSC) at a heating rate of l °C/min  is shown in Fig. 3. 
Protein thermal denaturation is an endothermic process 
that shows up as an excess specific heat (Cp). The transi- 
tion temperature (T m) and activation energy of each com- 
ponent were determined by deconvolution of the profile as 
was done for the derivative curves of inactivation. Denatu- 
ration was completely irreversible after scanning to 100°C. 

Three major transitions labelled A (T m = 51.3°C + 0.6), 
B (T m = 57.1°C + 0.1) and C (T m = 63.2°C + 0.6) were 
consistently present. Transition B, the major denaturation 
event of the t-tubule membrane, correlates with the inacti- 
vation temperature observed for Mg2+-ATPase activity 
(T i = 57°C). The activation energy of denaturation (E A) 
obtained by deconvolution and curve fitting of this compo- 
nent is 360 kJ/mol,  somewhat larger than that obtained for 
inactivation of Mg2+-ATPase activity. The denaturation of 
component A (T m = 51°C) correlates with the T i of inacti- 
vation of ATP dependent Ca 2÷ transport and Ca2+,Mg 2÷- 
ATPase activity. The E A for denaturation of component A 
(635 kJ/mol),  which is difficult to determine accurately 
since it is such a minor component, is larger than that for 
component B and corresponds to that for inactivation of 
ATP dependent Ca 2÷ uptake (543 kJ/mol)  as determined 
from Fig. 2. 

The correspondence of the DSC profile with the thermal 
inactivation scans clearly shows that inactivation of Ca 2+ 
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independent Mg2+-ATPase activity is due to denaturation 
of a membrane component at T m = 57°C while inactivation 
of Ca2+,Mg2+-ATPase activity and Ca a+ uptake is due to 
denaturation of a component with lower thermal stability 
at T m = 49-51°C. The identity of the peak with T m = 63°C 
is unknown. 

3.3. Level of contamination by sarcoplasmic reticulum 

Since SR has a high Ca2+-ATPase activity, it is impor- 
tant to obtain evidence regarding the degree of contamina- 
tion of the isolated t-tubules by SR. Oxalate has been 
previously reported to strongly stimulate Ca 2+ uptake in 
SR [14], while it has no effect on Ca 2÷ uptake in t-tubules 
[25]. As one assay for the amount of functional SR con- 
tamination, we measured the amount of oxalate stimulated 
Ca 2+ uptake of the isolated t-tubules. Because of the 
possibility that broken vesicles of SR may be present and 
contribute to the Ca2+-ATPase activity observed, we al- 
ways measured both Ca 2 +-ATPase activity and non-oxalate 
stimulated Ca 2÷ transport since broken vesicles can not 
contribute to Ca 2÷ uptake. Coupling ratios of Ca 2+ trans- 
ported to ATP hydrolyzed of approximately one were 
always found, implying little contribution to Ca2+,Mg 2÷- 
ATPase activity from leaky vesicles (results given above). 

Oxalate fails to stimulate Ca 2÷ uptake in isolated t-tub- 
ules (Table 1). For the isolation used in Table 1, Ca 2÷ 
uptake was 0 .128/xmol /mg protein per min and there was 
no detectable increase in Ca 2÷ uptake in 5 mM potassium 
oxalate. Addition of very small amounts of SR gave a 
measurable stimulation of Ca 2+ uptake in the presence of 
oxalate. For example, addition of 0.62% SR (by weight SR 
protein/t-tubule protein) increased Ca 2+ accumulation in 
oxalate over that of t-tubules by 0.031 /xmol/mg protein 
per min. This is measurable and is approximately equal to 
the maximum level of oxalate stimulated Ca 2÷ accumula- 
tion found for any isolation used. 

All t-tubule isolations were checked for oxalate stimu- 
lated Ca 2÷ uptake. When even very low levels were found, 
the isolation was further purified by loading the vesicles 
with Ca 2÷ in oxalate and removing the calcium oxalate 
loaded vesicles through a second discontinuous sucrose 

gradient as described in Materials and methods. No de- 
tectable oxalate stimulated Ca 2÷ uptake remained after this 
procedure. Thus, contamination by functional, sealed SR 
appears to be very small, probably no more than a few 
tenths of a percent, using oxalate stimulated Ca 2+ uptake 
as an assay for contamination. 

The level of contamination required to account for the 
measured Ca2+,Mge+-ATPase activity and Ca 2÷ uptake 
can be easily calculated. The activity of the Ca2+,Mg 2÷- 
ATPase from heavy SR is 0.907 + 0.010 /.Lmol/mg SR 
protein per min (3 experiments) as determined using the 
same procedure as for the t-tubules. Thus, the level of 
Ca2+,Mg2+-ATPase activity found in the isolated t-tubules 
(0.140 /zmol/mg per min) would require 15% contamina- 
tion (weight SR protein/t-tubule protein) since this would 
give a Cae+,Mg2+-ATPase activity of 0.140 /xmol/mg 
total protein per min. The necessary level of contamination 
(15%) is 2.5-times greater than the level of stimulation of 
t-tubule ATPase activity by Ca 2÷ (6.2%) due to the higher 
activity of the t-tubule Mg2+-ATPase (2.26 /xmol/mg per 
min) compared to the heavy SR Ca 2 ÷,Mg 2 +-ATPase (0.907 
~ m o l / m g  per min). If the contamination is solely due to 
light SR, which is almost pure Ca2+,Mg2+-ATPase, a 
lower level of SR could account for the CaZ+,Mg 2+- 
ATPase activity since light SR has a higher specific 
Ca2+,Mg2+-ATPase activity. Light SR has a Ca2+,Mg 2÷- 
ATPase activity of approx. 2.0 ~ m o l / m g  per min [26]. 
Thus, about 6% contamination (by weight) of this fraction 
could account for the level of Ca2+,Mg2+-ATPase activity 
measured in isolated t-tubules. This level of contamination 
(6-15%) is much greater than that which causes a de- 
tectable increase in the level of oxalate stimulated Ca 2÷ 
uptake. Thus, it appears difficult to explain the level of 
Ca2+,Mg2+-ATPase activity measured in the isolated t- 
tubules by contamination with sealed SR. 

Leaky SR would contribute to Ca2+,Mg2+-ATPase ac- 
tivity but would not be able to accumulate Ca 2+. Thus, the 
Ca 2 +,Mg 2 +-ATPase activity of t-tubules (0 .140/xmol/mg 
per min) can not be due exclusively to the presence of 
broken or leaky SR vesicles since a comparable level of 
Ca 2÷ uptake (0.140 ~ m o l / m g  per min) to Ca2+,Mg 2÷- 
ATPase activity is observed. Hence, contamination by 

Table 1 
Contribution of SR contamination to ATP dependent Ca 2+ uptake of isolated t-tubule membranes 

Sample Ca 2+ uptake 

( ~ m o l / m g  protein per rain) 

t-tubules, no oxalate a 128 
t-tubules, oxalate a 128 
t-tubules, oxalate, SR (0.04%) b 138 
t-tubules, oxalate, SR (0.62%) b 159 
t-tubules, oxalate, SR (1.25%) b 178 
t-tubules, oxalate, SR (2.5%) b 209 

a Ca2+ uptake was measured in the presence or absence of 5 mM potassium oxalate. 
b t-Tubule membranes were mixed with increasing amounts of SR (0.04 to 2.5% weight SR protein/weight t-tubule protein), and Ca 2+ uptake measured 
in the presence of oxalate. 
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Fig. 4. [14C]Oxalate permeability of t-tubule and SR membranes. 
[14C]Oxalate uptake by SR membranes (O) and t-tubule membranes (0) 
as a function of time. 

neither sealed nor leaky SR appears able to account for the 
measured levels of Ca2+,Mg2+-ATPase activity and Ca 2÷ 
uptake. 

The lack of effect of oxalate on Ca 2÷ transport in 
t-tubule vesicles can be explained by the impermeability of 
t-tubules to oxalate (Fig. 4). Oxalate incorporation in SR 
as a function of time is apparent within the first minute of 
the reaction, while t-tubule vesicles have no detectable 
oxalate incorporation for times as long as 15 min. This 
lack of oxalate uptake by isolated t-tubules can be used 
both as a criterion for contamination and as a means of 
separation of t-tubules and calcium oxalate loaded SR. 

4. Discussion 

Several studies have suggested that the Ca2+-ATPase 
and Mg2+-ATPase activities in t-tubules and in other 
membrane systems [7,27] are expressions of the same 
protein. Such a view is based on reports that either Ca 2+ 
or magnesium at saturating concentrations produce similar 
maximal activities with no additive effect [3]; however, 
there are other reports that ATP dependent Ca 2 + transport 
in t-tubule membranes occurs at a rate that does not 
correspond to the activity of the Mg2+-ATPase, which is 
10-fold higher than the activity of Ca 2÷ transport [22,25]. 

In this study we show that t-tubule membranes isolated 
from skeletal muscle contain a functional Ca2+,Mg 2+- 
ATPase activity associated with Ca 2+ transport that can be 
separated from the Ca 2+ independent Mg2+-ATPase on 
the basis of differing thermostability. The thermostability, 
defined as the temperature of half inactivation at a heating 
rate of l°C/min,  of the different ATPase activities in 
t-tubule membranes shows that Ca2+,Mg2+-ATPase activ- 
ity is inactivated with a T i = 49°C and corresponds to the 
denaturation of a protein component related to ATP depen- 
dent Ca 2÷ transport which is also inactivated at 49°C. The 
small amount of Ca2+,Mg2+-ATPase activity, less than 
10% of the total as determined by deconvolution of the 
curves of the first derivative of inactivation, can easily be 

masked by the greater activity of the Mg2+-ATPase when 
comparing only activity measurements. 

The denaturation of the Ca2+,Mg2+-ATPase of SR has 
previously been investigated and has been shown to pro- 
ceed through two steps [18]. The nucleotide binding do- 
main unfolds with a T m of 49-51°C, depending on Ca 2÷ 
concentration, and the transmembrane domain and Ca 2+ 
binding domain unfolds at 58-62°C in excess Ca 2÷. Ca 2÷ 
uptake and ATPase activity is inactivated with a T i of 
49-51°C in SR. Thus, it is not possible to distinguish 
between the Ca2+,Mg 2÷ stimulated ATPase activities of 
SR and t-tubules on the basis of thermal stability. 

The inactivation temperatures of the various activities 
correspond to denaturation temperatures of resolvable peaks 
in the DSC profile, consistent with the proposal that 
inactivation of ATPase activity and Ca 2+ transport are due 
to denaturation of specific proteins. The good correlation 
between inactivation and denaturation implies that denatu- 
ration is irreversible, even at temperatures of 50-60°C. 
However, it is possible that Ca 2+ is an activator of Ca 2÷ 
transport by the Mg2+-ATPase and that this process is 
inactivated with a T i of 49°C. This is unlikely, but if true 
the component responsible for activation could be identi- 
fied by determining the component denatured at T m ~ 50°C. 

The temperature dependence of both inactivation and 
denaturation is approximated by the Arrhenius relation 
since the theoretical fits, based on this assumption, to the 
experimental curves are very good. In general, there is a 
good correlation between the activation energies for denat- 
uration and inactivation, except for the Mg2+-ATPase. The 
E A from the DSC scan is 360 kJ /mol  compared to 190 
kJ /mol  as determined by inactivation. This could be ex- 
plained if we consider that although the Mg2+-ATPase 
comprises a large fraction of the t-tubule membrane pro- 
tein, about 26-30% [13,15], many other proteins are pre- 
sent and their denaturation must contribute to the DSC 
profile at some point, possibly in the temperature range of 
50-60°C, influencing the apparent E A for component B. 
Thus, peak B on the DSC scan may be due to the 
denaturation of more than one protein. 

The extreme thermal sensitivity of Mg2+-ATPase activ- 
ity previously reported [14,15], which is indicative of a T i 
as low as 26°C, is inconsistent with our results. Damage to 
SR during isolation and other treatments (e.g., long storage 
at 4°C, exposure to room temperature, and bubbling with 
oxygen) that presumably result in oxidation give SR with a 
reduced ability to accumulate Ca 2÷ and a Ca2+-ATPase 
activity that is far more thermally sensitive (results not 
shown). Thus, the greater thermal sensitivity previously 
reported for the Mg2+-ATPase may be explained by pro- 
tein damage. 

The ability of t-tubule membranes to transport Ca 2 ÷ via 
the Ca2+,Mg2+-ATPase would have an important physio- 
logical implication as has been previously proposed [10]. 
The large surface area of t-tubule system, plus the proxim- 
ity to the interior sarcoplasma, would enable these mem- 
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branes to provide a mechanism of controlling intracellular 
Ca 2+ in association with that of the SR and SL. Fluxes of 
Ca 2÷ are reported to exist across t-tubule membranes 
which would require the presence of Ca 2+ in the t-tubule 
lumen [28]. Direct measurements of Ca 2÷ concentration in 
the t-tubule have not been made, however elevation of 
t-tubule luminal Ca 2÷ has been postulated to occur during 
repetitive muscle activity [10]. The presence of a 
Ca 2÷,Mgz+-ATPase would supply a mechanism that could 
actively transport Ca 2+ to the t-tubule lumen and, thus, be 
involved in fatigue by causing either a failure of the 
t-tubule action potential [29,30] or by raising the mechani- 
cal threshold for excitation/contraction coupling [10]. 
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