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ABSTRACT: Inactivation of Ca2+ uptake and ATPase activity of the Ca2+-ATPase of rabbit sarcoplasmic 
reticulum was measured and compared to the thermal denaturation of the enzyme as measured by differential 
scanning calorimetry (DSC) and fluorescence spectroscopy. Two fluorophores were monitored: intrinsic 
tryptophan (localized in the transmembrane region) and fluorescein isothiocyanate (F1TC)-labeled Lys-5 15 
(located in the nucleotide binding domain). Inactivation, defined as loss of activity, and denaturation, defined 
as conformational unfolding, were irreversible under the conditions used. Activation energies ( E A )  and 
frequency factors ( A )  for inactivation were obtained for the enzyme in 1 mM EGTA and 1 m M  Ca2+. These 
were transformed to a transition temperature for inactivation, T,  (defined as the temperature of half-in- 
activation when temperature is scanned upward a t  1 "C/min). All denaturation profiles were fit with an 
irreversible model to obtain EA and T, for each transition, and the values of these parameters for denaturation 
were compared to the values for inactivation. In EGTA, denaturation obeys a single-step model (T ,  = 
49 "C), but a two-step model is required to fit the DSC provile of the enzyme in 1 m M  Ca2+. The specific 
locations of tryptophan and the fluorescein label were used to demonstrate that denaturation in Ca2+ occurs 
through two distinct thermodynamic domains. Domain I ( T ,  = 50 "C) consists of the nucleotide binding 
region and most likely the phosphorylation and transduction regions [MacLennan, D. H., Brandl, C. J., 
Korczak, B., & Green, N. M.  (1985) Nature 316,696-7001. Domain I1 (T ,  = 57-59 "C) consists of the 
transmembrane region and probably the stalk region. Inactivation of ATPase activity and Ca2+ uptake 
when heated in 1 m M  Ca2+ is due to denaturation of domain I. Inactivation of ATPase activity ( T ,  = 
49 "C) when heated in 1 mM EGTA is also due to denaturation of domain I, but inactivation of Ca2+ uptake 
( T ,  = 37 "C), yielding uncoupling of Ca2+ uptake from hydrolysis of ATP, does not correlate with any 
conformational change in the Ca2+-ATPase detectable by these methods. From these results, it can be inferred 
that the conformational change occuring during the E2 - El transition occurs primarily in domain I1 (AT,  
= 8-10 "C), although there is a small stabilization of domain I (AT,  = 1 "C), demonstrating interaction 
and communication between these domains which is necessary for Ca2+-dependent ATPase activity. 

T e  Ca2+-ATPase of sarcoplasmic reticulum (SR) pumps 
Ca2+ using energy derived from the hydrolysis of ATP. These 
two functions are not inseparable since many treatments un- 
couple Ca2+ transport from ATP hydrolysis, apparently 
without increasing membrane permeability (Berman, 1982). 
The ATP binding and phosphorylation sites and the Ca2+ 
binding sites are in diffferent secondary structural domains, 
as predicted from the primary sequence, but the location of 
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these sites in the tertiary structure is unknown (MacLennan 
et al., 1985; Brandl et al., 1986; Clarke et al., 1989). Some 
forms of uncoupling appear to be due to conformational 
changes in the protein (Berman, 1982), suggesting that the 
ATPase and Ca2+-translocation activities are located in discrete 
domains. Ca2+ uptake is inactivated rapidly at modest tem- 
peratures (near 37 "C) in EGTA while ATPase activity is 
unaffected at this temperature (McIntosh & Berman, 1978). 
Addition of Ca2+ protects against inactivation of ea2+ uptake. 
The precise mechanism of inactivation and uncoupling is un- 
known (Berman, 1982). 

The technique of thermal analysis has been profitably ap- 
plied to the study of many materials, including macromolecules 
(Donovan, 1984). The general approach is to monitor tran- 
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sitions as a function of temperature. For macromolecules such 
as proteins, this allows the determination of the extent of 
denaturation or unfolding of the entire protein or specific 
domains (Privalov, 1982). Any phsyical technique that ac- 
curately reflects the extent of unfolding can be used, but 
differential scanning calorimetry (DSC) is most commonly 
employed. Information regarding the presence of domains, 
the strength of the interactions between domains, and the 
effects of the binding of ligands or substrate on domain stability 
and interactions can be determined from thermal analysis. 
Under favorable conditions, a low-resolution picture of a 
complex macromolecule can be obtained (Tsalkora & Privalov, 
1985). 

We have applied thermal analysis to the study of the domain 
organization and thermal inactivation of the Ca2+-ATPase of 
rabbit SR. Thermal inactivation of Ca2+ uptake and ATPase 
activity was measured as a function of temperature in the 
presence and absence of Ca2+ and compared to the thermal 
denaturation determined by differential scanning calorimetry 
and fluorescence spectroscopy. Measurements of the 
fluorescence emission of intrinsic tryptophan and fluorescein 
isothiocyanate (FITC) labeled enzyme were used to determine 
the extent of denaturation of the protein domains containing 
these fluorophores. 

Biochemistry, Vol. 29, No. 3, 1990 

MATERIALS AND METHODS 
Sarcoplasmic Reticulum Isolation and Calcium Uptake and 

ATP Hydrolysis Actiuities. Sarcoplasmic reticulum (SR) was 
isolated from the hind leg and back muscles of New Zealand 
White rabbits essentially as described by Eletr and Jnesi 
(1972). Dithiothreitol at 1 mM was present throughout. The 
light SR  fraction (LSR), which originates in elements of the 
longitudinal reticulum and is enriched in the Ca2+-ATPase, 
was further isolated by using a sucrose density gradient es- 
sentially as described by Campbell et al. (1980). The SR 
banding at the 28-32% sucrose interface was defined as the 
LSR fraction. SDS-PAGE (Laemmli, 1970) was used to 
assess the purity of the Ca2+-ATPase of each isolation, 

Calcium-dependent ATPase ( Ca2+-ATPase) activity was 
assayed by monitoring the absorbance of NADH ( A  = 340 
nm) using an ATP-regenerating, coupled enzyme system 
similar to that described by Warren et al. (1974) containing 
100 mM KH2P04, 5 mM MgS04, 50 pM CaCl,, 1 mM ATP, 
125 pg/mL phosphoenolpyruvate, 8.5 pg/mL lactic acid de- 
hydrogenase, 5 pg/mL pyruvate kinase, 300 pg/mL NADH, 
and LSR (3-14 pg of protien/mL), pH 7.0. Calcium uptake 
(Ca2+ uptake) was measured by monitoring the absorbance 
of arsenazo I11 ( A  = 660 nm) as described by Herbette et al. 
(1972) in a solution of 100 mM KH2P04, 5 mM MgS04, 50 
pM CaCI,, 0.4 mM ATP, 100 pM arsenazo 111, and LSR (14 
pg of protein/mL) pH 7.0. Some experiments were repeated 
using antipyrylazo I11 (75 pM) as an indicator of Ca2+ con- 
centration in  place of arsenazo 111. In addition, a complete 
inactivation study of Ca2+ uptake was done by replacing the 
KH2P04 with 100 mM KCl and using 10 mM potassium 
oxalate as a precipitating agent. Ca2+ uptake and ATPase 
activity in I-mL cuvettes were initiated by adding either ATP 
or LSR, respectively. 

Thermal Inactivation. The LSR at 600-700 pg of pro- 
tein/mL was heated in a solution of 100 mM KCI, 5 mM 
dithiothreitol, pH 7.0, and either 1 mM CaCI, or 1 mM 
EGTA. The LSR at twice the concentration desired was 
added to a preheated test tube at the inactivation temperature 
containing an equal volume of the same solution. In this way, 
thermal equilibrium was achieved in 1-2 min. Samples wre 
removed at regular intervals and immediately added to the 
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appropriate activity solution. Activity was derived from the 
slope of the linear region of each curve of arsenazo 111, an- 
tipyrylazo 111, or NADH absorbance. Both Ca2+ uptake and 
ATPase activity were directly proportional to the amount of 
LSR added over the range of activities measured. The rate 
of inactivation was obtained from a least-square analysis of 
the plot of In activity vs time at the elevated temperature. The 
activation energy (EA) and constant A of the Arrhenius re- 
lation (see below) were obtained from the slope and intercept 
of an Arrhenius plot. 

Ca2+ Leakage. The rates of Ca2+ leakage at temperatures 
from 24 to 42 OC were measured by using LSR passively 
loaded with 45CaZ+. The LSR (10 mg/mL) was loaded by 
incubation in 1 mM 45CaC12, 100 mM KCl, andd 10 mM TES 
at pH 7.0 for 1.5 h at 24 OC essentially as described in 
Meissner et al. (1986). Leakage was determined by measuring 
the calcium retained as a function of time after dilution (1 : 100) 
into release medium (100 mM KC1, 5 mM MgC12, 1 mM 
EGTA, and 10 mM TES at pH 7.0) at temperatures from 24 
to 42 OC. Aliquots of 1 mL were removed as a function of 
time and filtered through 0.45-pm HAWP Millipore filters. 
The filters were washed with 10 mL of stop medium (release 
medium containing 10 pM Ruthenium Red) and counted in 
CytoScint (ICN). The decay curves of Ca2+ retained as a 
function of time were fit with the multiexponential function 
A(?)  = Aldk l r  + A2e-k2r + A. where A ,  and A2 are fractional 
components with rate constants of leakages k l  and k2. A, is 
a minor component with a leakage rate too small to be mea- 
sured over the time course of the experiment (10 min). 

Differential Scanning Calorimetry. A Microcal-2 differ- 
ential scanning calorimeter (DSC) interfaced to a DEC Pro 
380 computer was used to obtain all scans. The protein content 
of the LSR samples was 2-5 mg/mL, and a scan rate of 1 
"C/min was used. For the DSC studies, the LSR was sus- 
pended in the same solutions used for thermal inactivation. 
The noisier scans were smoothed by a polynomial least-squares 
procedure. The baseline was corrected in two steps. First, 
the base line of the Ca2+-ATPase scan was linearized by 
subtracting the instrumental base line (inactivation solution 
in both sample and reference cells) below approximately 30 
"C, the rescan above approximately 65 "C, and a base line 
generated from a linearly varying proportion of the two be- 
tween 30 and 65 OC. The procedure suggested by Hemmlinger 
and Hohne (1984) was used to further correct for the increase 
in specific heat (AC,) upon denaturation by employing a 
correction factor proportional to the extent of the transition 
completed. 

The algorithm proposed by Friere and Biltonen (1978), 
modified by Filimonov et al. (1982), was used for all curve 
fitting assuming reversible denaturation. The fit for irreversible 
denaturation was done as described below. The temperature 
dependence of a denaturation process obeying the Arrhenius 
relation can be approximated by 

k ( T )  = &EA/RT ( 1 )  

where k is the rate of denaturation, E A  the activation energy, 
and A a constant containing the entropy of inactivation. Ir- 
reversible denaturation, following pseudo-first-order kinetics, 
at a constant temperature as a function of time is described 
by the differential equation: 

dh ( t ) /d t  = k ( n [ l  - f d t ) l  (2) 
wherefD is the fraction denatured, T the temperature, and t 
the time. If the temperature is no longer constant, then the 
function fD[ T ( t ) ]  as a function of time while temperature is 
scanned at a constant rate is found by replacing k in eq 2 with 



Thermal Denaturation of the Ca2*-ATPase Biochemistry, Vol. 29, No. 3, 1990 683 

T ( K )  

325 320 315 310 305 
3 0  I I 1 

the Arrhenius relation (eq 1) and letting T = To + ut where 
u is the scan rate and To the starting temperature. The re- 
sulting equation: 

dfD[ T ( t ) ]  /dt = &-EA/R(To+uf)(  1 - f ~ [  I"(?)])  (3) 
can be solved by numerical integration. 

The excess specific heat is obtained from 

where m is a proportionally constant equal to the calorimetric 
enthalpy (AH,). The above equation was used to generate the 
DSC profile for irreversible denaturation. The best-fit values 
of EA, A ,  and AH, were obtained by using the Simplex non- 
linear curve-fitting algorithm (Nelder & Mead, 1965). A 
version of the computer program of Caceci and Cacheris 
(1984), modified to speed convergence and test for uniqueness, 
was used for fitting. 

The approximations described by Fujita et al. (1979) were 
used to simplify the procedure for determining G, and this 
approach was used for fitting all DSC scans containing 
multiple peaks. An approximate analytical solution for fD- 
[ T ( t ) ]  in eq 3 is obtained: 

where T, is the temperature at which k = 1. Briefly, the 
equation for temperature is written as T ( t )  = T, + u(t - to) 
where T, = T(t,)  so that T, = EA/AR. Then the Arrhenius 
relation has the form 

k( T )  = &EA/R[TC+U(~-~O)I 

For u(t  - to) << T,, the term t - to can be expanded in a Taylor 
series and higher order terms neglected [which is justified since 
u(t - to) is less than 0.06 of T, over the transition range of the 
Ca2+-ATPase], giving 

k ( t )  = @A.D(W)/RT? 

This is substituted into eq 2 which can now be solved exactly 
to give eq 5 .  This derivation is described in detail by Frujita 
et al. (1979), although their equations are in a different form, 
and an equivalent approach has recently been described by 
SBnchez-Ruiz et al. (1 988). These approximations eliminate 
the necessity of numerical integration of eq 3 and speed up 
calculations considerably. EA, A ,  and AH, were still obtained 
from curve fitting by using the Simplex algorithm. The 
transition temperature (T,)  is defined as the temperature at  
whichfD = 0.5. The solution of eq 3 by numerical integration 
and the approximate solution (eq 5 )  give similar values for 
EA, A,  and AHc. For DSC scans with profiles similar to those 
obtained for the Ca2+-ATPase, T,, calculated by the two 
methods, differs by less than 0.2 "C for curves for which EA 
is greater than 300 kJ/mol. 

Fluorescence Spectroscopy. Fluorescence spectra and in- 
tensities were obtained with an SLM 4800s spectrofluorometer 
interfaced to a DEC Pro 380 computer. LSR was suspended 
at 0.2 mg of protein/mL in the same solutions used for thermal 
inactivation and the DSC studies. The temperature of the 
samples was varied by increasing the temperature of a water 
bath used to control the cuvette holder temperature at 1 
"C/min. The temperature of the sample lagged the water bath 
temperature by several degrees but increased at 0.9-1 .O 
"C/min. Aggregation tended to occur above 50 "C, but the 
effects were minimized by constantly stirring the solution in 
the cuvette. The increase in light scattering upon aggregation 
was less than 2% of the fluorescence emission. Intrinsic protein 

I / T  x 10' ( K - ' )  

FIGURE 1: Arrhenius plots of the inactivation of (A) Ca2+ uptake in 
1 m M  EGTA (O), (B) Ca2+ uptake in 1 m M  Ca2+ (e), (C) ATPase 
activity in 1 m M  EGTA (n), and (D) ATPase activity in 1 m M  Ca2+ 
(.) * 

fluorescence was measured by using an excitation wavelength 
of 290 nm and an emission wavelength of 340 nm. Approx- 
imately 8 s, during which time the temperature changed by 
less than 0.15 "C, was required for each intensity measure- 
ment. 

The Ca2+-ATPase was labeled with fluorescein isothio- 
cyanate (FITC) essentially as described by Mitchinson et al. 
(1982). LSR at 0.2-0.3 mg/mL protein in 100 mM KCI, 10 
mM TES, 1 mM DTT, and 1 mM EGTA, pH 7.8, was labeled 
with FITC at 8 nmol/mg of protein at 22 "C for 30 min. This 
resulted in approximately 75% inhibition of ATPase activity. 
The labeled LSR was washed twice and resuspended in the 
inactivation solution at 0.2 mg/mL. Fluorescence intensity 
was measured at excitation and emission wavelengths of 490 
and 520 nm, respectively, while the temperature of the sample 
was increased at 1 "C/min. 

The values of EA and A for denaturation were derived from 
the normalized curves of the change in fluorescence, AF, vs 
temperature by fitting these curves with eq 5 .  This was done 
assuming that fractional denaturation is directly proportional 
to AF. 

RESULTS 
Thermal Inactivation. The thermal inactivation of Ca2+ 

uptake and ATPase activity, in the presence of 1 mM EGTA 
(no Ca2+) and 1 mM Ca2+, was measured as described under 
Materials and Methods. Inactivation obeyed pseudo-first-order 
kinetics, and the inactivation rates (k) were determined by 
linear regression analysis of the section of the curves for heating 
times greater than that necessary for thermal equilibration (less 
than 2 min). Arrhenius plots of the rate constants for inac- 
tivation of CaZ+ uptake and ATPase activity are shown in 
Figure 1. The values of EA and A,  obtained by linear re- 
gression analysis, are given in Table I. The activation energies 
for thermal inactivation of both Ca2+ uptake and ATPase 
activity are all very high (404 to 573 kJ/mol), well into the 
range of activation energies normally observed for protein 
denaturation. 

Ca2+ uptake is extremely sensitive to inactivation in EGTA 
compared to ATPase activity, as has been previously observed 
(MacIntosh & Berman, 1978). Addition of 1 mM Ca2+ shifts 
inactivation to higher temperatures by about 13 "C. ATPase 
activity is also stabilized by Ca2+ but to a lesser extent; the 
ATPase inactivation curve is shifted approximately 1 O C .  The 
difference in sensitivity of Ca2+ uptake and ATPase activity 
to thermal inactivation and the difference in degree of CaZ+ 
stabilization suggest a differential thermal sensitivity of at least 
two regions or domains in the protein. 

These results were verified by using antipyrylazo 111 since 
arsenazo 111 inhibits CaZ+ uptake and ATPase activity (Riollet 
& Champeil, 1987). However, the magnitude of inhibition 
by arsenazo 111 is constant for control and thermally inacti- 
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Table I: Thermodynamic Parameters for Irreversible Thermal Inactivation and Denaturation of Ca2'-ATPase 

F 
0 -  a 
E -  
0 01 

thermal inactivation E ,  (kJ/moll" A" T, ('C)* domainC 

40-/;:p 42 

1 I I 

Ca2' uptake, EGTAf 404 f 34' 152 f 13 36.6 f 0.3 unknown 
Ca2+ uptake, Ca2'f 573 f 31 209 f 12 49.2 f 0.3 I 
ATPase, EGTA 423 f 35 152 f 13 49.2 f 0.3 I 
ATPase, CaZC 521 f 62 189 f 23 49.9 f 0.5 I 

denaturation DSCg E ,  (kJ/mol14 A" AH,. (J/EY T, (°C)b domainC 
transition C, EGTA 413 f 1 9  149 f 5 15.5 f 1.8 48.3 f 0.1 I, I1 
transition C,  EGTA (FITC labeled) 49.7 f 0.4 I, I1 
transition C,  EGTA (1 mg/mL deoxycholate) 428 157 14.5 44.5 I, I1 
transition C, CaZ+ 581 f 15 212 f 6 11.8 f 2.7 49.2 f 0.2 I 
transition D, Ca2+ 325 f 29 113 f 12 4.1 f 1.0 56.9 f 0.7 I1 

fluorescence* Ea (kJ/mol)" A" AFf (%)d T, (Wb domaine 
Trp, EGTA 419 f 100 166 f 50 11.4 f 2.0 48.5 f 0.4 I1 
Trp, Ca2' 408 f 69 143 f 26 22.0 f 10.7 58.4 f 1.6 I1 
F I X ,  EGTA 424 f 9 153 f 3 39.2 f 4.1 49.5 f 0.8 I 
FITC, Ca2' 472 f 15 170 f 5 41.7 f 6.4 51.0 f 0.3 I 

" E A  and A are the activation energy and intercept from an Arrhenius plot. bT,,,, the temperature of half-inactivation or denaturation, was 
determined from EA and A. cThe calorimetric enthalpy (AH,)  was determined by DSC. dAFf  is the change in fluorescence upon denaturation. 
eDomain I or I I  represents the domain in the Ca2+-ATPase with which each activity or transition is associated. /Either EGTA or Ca2' was present 
a t  1 mM. gDenaturation as determined by DSC. "Denaturation as determined by monitoring the intrinsic Trp fluorescence or the fluorescein 
fluorescence of FITC-labeled enzyme. 'The errors for E A  and A for inactivation are the standard deviations for the slope and intercept of the 
Arrhenius plot. 'The errors given for the parameters of denaturation are standard errors from at least three independent measurements. 

V t  

C 

l , I , l # I  
20 40 60 80 100 

T (TI 
FIGURE 3: D S C  scans of (a) LSR in 1 mM Ca2', (b) a rescan, and 
(c) an instrumental base line at  a scan rate of 1 OC/min. The protein 
concentration was 2.5 mg/mL, and Ca2+-ATPase purity was 87%. 

A ( t )  = + A2e-k2t + A, was used for fitting. The leakage 
rate of the faster leaking component, comprising 60-70% of 
the total Ca2+, is represented by k l  and that of the slower 
leaking component (25-3596) by k2. A reasonable fit was 
obtained with this function; however, it is more likely that there 
is a distribution of components rather than just three con- 
tributing to leakage. Thus, this type of fit is an oversimpli- 
fication, but useful kinetic information is contained in k ,  and 

The rate constants k l  and k ,  plot as straight lines on Ar- 
rhenius plots (not shown) with activation energies of 105 f 
17 and 7 f 12 kJ/mol, respectively. The value of EA for k ,  
is 4-fold less than that for inhibition of Ca2+ uptake, and EA 
for k2 is 40-fold less, although not significantly different from 
zero, suggesting that a simple increase in permeability to Ca2+, 
as measured by this type of leakage experiment, is not re- 
sponsible for inhibition of Ca2+ uptake. 

Differential Scanning Calorimetry. Thermal denaturation 
was determined by DSC in order to ascertain if thermal in- 
activation is due to denaturation of the Ca2+-ATPase. The 
LSR fraction is enriched in the Ca2+-ATPase and was used 
for all denaturation and inactivation experiments (Campbell 
et al., 1980). The purity of the Ca2+-ATPase was determined 
by SDS-PAGE for each isolation and ranged from 75 to 95% 
(usually 8592%). Greater than half of the remaining protein 
consisted of calsequestrin, apparent M ,  N 60000 at pH 6.8, 
and the M, 55 000 protein (Campbell, 1986). The rest con- 
sisted of 10-12 minor proteins that were invisible by eye on 

k2. 
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30 40 50 60 

T ( " C )  

FIGURE 5 :  DSC Scans of LSR in 1 mM Caz+ (purity 79%): (a) control 
and (b) after heating at 42.5 OC for 1 h. The dashed and dotted lines 
(only shown where they differ from the original scans) are the best 
fits for the sum of transitions C and D for curves a and b, respectively. 
The respective fitting parameters [EA (kJ/mol), A ,  and AH, (J/g)] 
are as follows: curve a, transition C, 600, 219, 11.7; transition D, 
300, 104, 3.82; curve b, transition C, 600, 219, 10.1; transition D, 
300, 104, 3.83. 

- 1  
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30 40 50 60 
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FIGURE 6: DSC scan of LSR in 1 mM EGTA (no CaZ+) corrected 
for the base line. The dashed line is the best fit assuming irreversible 
denaturation. The purity of the Ca*+-ATPase was greater than 95%, 
and transitions A and B are not present. The fitting parameters [EA 
(kJ/mol), A,  and AH, (J/g)] are 400, 144, and 15.8, respectively. 

Transition D is not present, and transition C is centered about 
1 "C lower. Transitions A and B are not present in this scan, 
but this sample of LSR has a very high purity of Ca2+-ATPase 
(greater than 95% of the total protein). No transitions of any 
sort are detectable from 30 to 40 OC, the temperature range 
over which inactivation of Ca2+ uptake occurs in EGTA. For 
this particular scan, the exothermic transition is smaller than 
normal. 

The temperature of the exotherm superimposed on transition 
C varied considerably, although it was usually found between 
47 and 50 OC. It often passed well below the base line 
(negative C,), suggesting that it is an exothermic event and 
that transition C is not composed of two separate transitions. 
The amplitude was also variable. The doublet structure was 
not observed using the fluoresence technique for measuring 
denaturation, implying an exothermic event occurring at 47-50 
OC detectable by DSC alone. In addition, the inactivation of 
Ca2+ uptake and ATPase activity is inconsistent with two 
transitions. Thus, we infer that the dip is a superimposed 
exotherm. All curve fitting of transition C used only the 
beginning and ending of the peak; the points through the 
exotherm were ignored. All calculations of the thermodynamic 
parameters were made from the fitted curve, not the original. 

The exothermic transition does not occur for LSR solubi- 
lized in the detergent deoxycholate (Figure 7). In deoxy- 
cholate containing 1 mM EGTA, only a single peak occurs 
with a T ,  of 44.5 O C  but with an E A  (428 kJ/mol) nearly 
identical with that obtained for transition C assuming that the 
dip is a superimposed exotherm. The decrease in T ,  to 41 
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FIGURE 7: DSC scan of LSR in deoxycholate (1 mM EGTA, 1 
mg/mL deoxycholate, and 2.42 mg/mL protein). The dashed line 
is the best fit with fitting parameters [EA (kJ/mol) and A ]  of 428 
and 157, respectively. 

T ("0 

I 0, I 

20 30 40 50 60 7 0  

T ("C) 

FIGURE 8: Fluorescence intensity (relative) of FITC-labeled LSR in 
1 mM CaZ+ as a function of temperature increased at 1 OC/min. The 
lower curve (open symbols) was obtained on cooling. 

"C is due to destabilization of the protein by the deoxycholate. 
Analysis of denaturation of the deoxycholate-solubilized LSR 
by Trp and FITC fluorescence also gives a T, of approxi- 
mately 41 "C (results not shown). 

The exact nature of this exothermic transition is unknown. 
The sharpness of the exotherm indicates a controlling, rate- 
limiting step of high cooperativity which suggests the in- 
volvement of several Ca2+-ATPase molecules. Membrane 
proteins are known to aggregate upon denaturation (Lysko et 
al., 1981), which would explain the cooperativity and exo- 
thermic nature of the transition. Gutibrrez-Merino et al. 
(1989) have also detected an exotherm in SR membranes 
which they attribute to protein aggregation. 

These results indicate that the Ca2+-ATPase denatures 
through two steps in 1 mM Ca2+ represented by transitions 
C and D and through a single step in 1 mM EGTA. There 
are two possible mechanisms to account for the two-step 
transition: (1) the protein undergoes two conformational 
unfoldings spread throughout; (2) two discrete domains unfold, 
each through a single step. DSC alone cannot differentiate 
between these possibilities. The fluorescence studies (below) 
show that the two transitions in 1 mM Ca2+ are due to the 
denaturation of two discrete domains. 

Figure 8 is a plot of the 
fluorescence intensity of FITC-labeled LSR in 1 mM Ca2+ 
as a function of temperature increased at  a rate of 1 "C/min, 
the same as for the DSC scans. FITC has been shown to label 
Lys-515 which is near the ATP binding site (Brandl et al., 
1986). There is a nearly linear decrease in fluorescence as 
a function of increasing temperature, due to temperature-in- 
duced quenching, with a sharp, irreversible drop in intensity 
centered at about 50 OC. The curve obtained during cooling 
is flat, and the curve obtained during a second heating (not 
shown) falls upon the cooling curve. Similarly shaped curves 
were obtained for the intrinsic protein fluorescence, which is 
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FIGURE 9: AF vs temperature for LSR heated at 1 OC/min: (A) 
intrinsic Trp fluorescence, 1 mM EGTA (0); (B) FITC-labeled 
Ca2+-ATPase fluoresence, 1 mM EGTA (0); (C) intrinsic Trp 
fluorescence, 1 mM Ca2+ (0); (D) FITC-labeled CaZ+-ATPase 
fluorescence, 1 mM Ca2+ (m). The symbols represent the measured 
values, and the solid lines are the fitted curves for irreversible de- 
naturation. 

dominated by Trp fluorescence in proteins containing Trp and 
Tyr (Cowgill, 1976). The secondary structural predictions of 
MacLennan et al. (1985) place 11 of 13 Trp in the trans- 
membrane domain. One of the two Trp not in this domain 
is closely associated with it through the stalk domain. Thus, 
Trp fluorescence should preferentially probe the transmem- 
brane domain. 

The base line was corrected as described under Materials 
and Methods, and the resulting, normalized plot of the change 
in fluorescein fluorescence due to denaturation (AF) is shown 
in Figure 9, curve B. If denaturation is a simple two-state 
process and if the fluorescence of the native state differs from 
that of the denatured state, AF = fD wherefi is the fraction 
denatured and the derivative (df,/dT) should be proportional 
to Ci as determined by DSC. 

The fractional change in fluorescence (AF) of both intrinsic 
Trp and FITC-labeled Ca2+-ATPase in 1 mM EGTA and 1 
mM Ca2+ is given in Figure 9. The solid lines are the best 
fit to the measured values using the irreversible model. The 
fitting parameters EA and A are given in Table I. The frac- 
tional denaturation in 1 mM EGTA has a similar temperature 
dependence (slope) whether determined from the decrease in 
Trp or fluorescein fluorescence, except that the curve for the 
FITC-labeled enzyme is shifted to higher temperatures by 
about 1 "C. This is due to a slightly greater stability of the 
FITC-labeled enzyme, since the denaturation temperature of 
the FITC-labeled Ca*+-ATPase in 1 mM EGTA (transition 
C) determined by DSC is also higher (Table I). 

In 1 mM Ca2+, the denaturation temperature, determined 
from the change in fluorescein fluorescence, is shifted about 
1 OC higher, as was found by DSC for transition C, but there 
is a 10 "C shift in the Trp curve. This is consistent with the 
DSC results which showed two distinct peaks in 1 mM Ca2+. 
Thus, transition D is due to the denaturation of an independent 
domain monitored by the intrinsic Trp fluorescence. This will 
be referred to as domain 11. The denaturation of domain I, 
which is monitored by the fluorescence of the FITC-labeled 
enzyme, yields transition C. 

The value of the fractional decrease in fluorescence (AFJ 
at each transition was found by extrapolating the base line 
above and below the transition back to the midpoint of the 
transition and measuring the difference at T,. These values 
are given in Table I as the fraction of total fluorescence in- 
tensity at T,. The magnitude of AFF in 1 mM CaZf is greater 
than AF in EGTA. This difference between these two values 
is 10.6 f 3.6% (SEM) of the total Trp fluorescence. The 
difference for the FITC-labeled enzyme, 2.5 f 2.7%, is not 
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The curve representing denaturation of domain I in the 
FITC-labeled enzyme has a slightly higher T,  (51.0 "C), due 
to stabilization at the ATP binding site. The T,  of inactivation 
of ATPase activity (49.9 "C) is slightly higher (AT,  = 0.7 
"C) than that for Ca2+ uptake. This is a significant and highly 
reproducible difference. This can only be due to a partial 
refolding of domain I, implying some reversibility of denatu- 
ration of this domain. 

The denaturation of domain 11, represented by transition 
D in the DSC scan and observable by the drop in Trp 
fluorescence, occurs at 57-58 "C, above the temperature at 
which inactivation of Ca2+ uptake and ATPase activity occurs. 

In 1 mM EGTA (Figure lOB), the Ca2+-ATPase denatures 
as a single cooperative unit or domain. The T,'s from DSC 
(48.3 "C) and Trp fluorescence (48.5 "C) match almost ex- 
actly. In addition, there is an excellent match between the 
EA'S determined by these two techniques-413 and 419 kJ/mol, 
respectively. Denaturation determined by FITC has a slightly 
higher T,,, of 49.5 "C due to FITC-induced stabilization. The 
T ,  of inactivation of ATPase activity is again higher (AT,  
= 0.9 "C) than the T ,  of denaturation of this domain. The 
exact match between the curves of inactivation of ATPase 
activity and denaturation by FITC is probably fortuitous. 

The inactivation of Ca2+ uptake ( T ,  = 36.6 "C) is ex- 
tremely thermolabile and is not due to any large-scale dena- 
turation or conformational change in the CaZ+-ATPase de- 
tectable by DSC or Trp or FITC fluorescence. 

The inactivation and denaturation measurements were made 
at different LSR concentrations (inactivation, 0.3 mg of 
protein/mL; fluorescence, 0.2 mg/mL; and DSC, 2-5 mg/ 
mL). The excellent correlation between the Tm's determined 
by these techniques suggests that denaturation is independent 
of protein concentration. Two further experiments confirm 
this. To check for linearity, inactivation was measured at 
protein concentrations from 0.1 to 4 mg/mL with no difference 
in the rate of inactivation observed. DSC scans were obtained 
from 1 to 8 mg/mL, again with no change in T,. In addition, 
measurements by GutiQrez-Merino et al. (1989) show no 
apparent change in T ,  with concentration. The reason for 
this is that the effective concentration of Ca*+-ATPase is 
determined by the concentration of the protein in the mem- 
brane, which is much greater and dominates any change in 
concentration due to changes in LSR concentration. 

DISCUSSION 
A simple two-state (one-domain) or three-state (two-do- 

main) irreversible model is used for the analysis of the de- 
naturation and thermal inactivation of the Ca2+-ATPase in 
1 mM EGTA or Ca2+, respectively. The irreversible model 
was chosen since inactivation of Ca2+ uptake and ATPase 
activity is apparently irreversible under the conditions used 
for heating, necessitating an irreversible analysis of denatu- 
ration for direct comparison. In addition, it was not possible 
to fit most of the DSC scans assuming reversible denaturation 
without introducing additional transitions since the DSC profile 
of a reversible transition is skewed on the high-temperature 
side while the profile for transition C is skewed on the low- 
temperature side (see Figures 5-7). 

Usually, considerable effort is expended to justify the as- 
sumption that reversibility holds during the transition for the 
analysis of DSC scans (Sturtevant, 1987). This aids in a 
rigorous thermodynamic analysis and in the deconvolution of 
multistep transitions (Friere & Biltonen, 1978; Privalov, 1982), 
but it is not necessary since transitions exhibiting irreversibility 
can also be deconvoluted, as shown here, although one must 
assume the number of transitions present. 
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A reversible transition exhibiting irreversibility can be 
modeled as a three state-transition of the form: 

Lepock et al. 

I is similar to the activation energy for the inactivation of 
ATPase activity. Thus, inactivation of ATPase activity in 
either the presence or the absence of Ca2+ is due to denatu- 
ration of domain I. This further supports the inclusion of the 
nucleotide binding domain in domain I. However, the 0.7-0.9 
"C greater T,  for inactivation compared to denaturation im- 
plies that the denaturation of domain I is partially reversible. 

Inactivation of Ca2+ uptake is not as straightforward. A 
T, of 36.6 OC is predicted in EGTA. Nothing is observed at 
this temperature by DSC or FITC or Trp fluorescence, elim- 
inating the involvement of the complete denaturation of either 
domain I or domain 11. In 1 mM Ca2+, the temperature 
dependence of inactivation of Ca2+ uptake is identical with 
the denaturation of domain I. Denaturation of domain I1 is 
not involved since its T,  is too high. 

A potential mechanism, often proposed to account for un- 
coupling or low coupling ratios (Hasselbach, 1981), for the 
thermal inactivation of Ca2+ uptake in the absence of Ca2+ 
is an increase in membrane permeability to Ca2+. This appears 
to be the mechanism of uncoupling by such agents as deoxy- 
cholate (MacLennan, 1970), ether (Fiehn & Hasselbach, 
1969), and EGTA at high pH (Duggan & Martonosi, 1970). 
Other means of uncoupling, such as mild acid treatment 
(Berman et al., 1977) and EGTA at neutral pH (McIntosh 
& Berman, 1978), apparently do not increase membrane 
permeability. As shown by this study, uncoupling by EGTA 
is more accurately described as thermal inactivation in the 
absence of Ca2+ stabilization and has a different activation 
energy than that for Ca2+ leakage or release. In addition, the 
affinity for Ca2+ stabilization (& = 4.9 X 10" M) is very 
high (McIntosh & Berman, 1978) and of a similar magnitude 
to the affinity of the high-affinity Ca2+ binding sites on the 
Ca2+-ATPase, suggesting protein involvement. Berman has 
proposed that these latter agents induce uncoupling by irre- 
versibly altering the conformation of the Ca2+-ATPase 
(Berman, 1982). 

Further evidence for the direct involvement of protein in 
the thermal inhibition of Ca2+ uptake is the high activation 
energy for this process. We obtain a value of 409 kJ/mol. 
McIntosh and Berman (1978) report a high but slightly 
smaller value of 273 kJ/mol. These large values for the ac- 
tivation energy suggest a transition or conformational change 
as the rate-limiting step for uncoupling. 

If this transition is a conformational change in the Ca2+- 
ATPase, then it must be a very small structural change spread 
throughout the protein or a transition in a small domain of 
the protein not observable by Trp or FITC fluorescence and 
of very low enthalpy. Any structural change must occur 
without changes in secondary structure, since there are no gross 
changes in a-helical content, as detected by CD, upon un- 
coupling (Berman, 1980). 

Any localized domain involved in uncoupling cannot be part 
of the transmembrane region or ATP binding domain since 
the denaturation temperature of these domains can be con- 
fidently determined from Trp or FITC fluorescence. If the 
nucleotide binding, phosphorylation, and transduction domains 
denature as a single cooperative unit, as suggested by the large 
enthalpy of transition C, then these domains cannot contain 
the uncoupling domain. A potential candidate is the CY sub- 
domain or hinge domain consisting of residues 680 to 720-740 
(MacLennan et al., 1985; Brandl et al., 1986). 

These results also shed some light on the structural change 
involved in the E2 - E, transition. Addition of CaZ+ shifts 
the Ca2+-ATPase from the E, to the E2 state detectable by 
an increase in  Trp fluorescence (Dupont et al., 1985). The 

where D, and D, represent reversibly and irreversibly unfolded 
or denatured forms. We have simplified this to the two-state 
form, N D, since inactivation measurements give infor- 
mation only about irreversibility. The excellent correspondence 
between denaturation, measured by two independent tech- 
niques (DSC and fluorescence), and inactivation of Ca2+ 
uptake indicates that this assumption is appropriate, although 
the denaturation of domain I leading to inactivation of ATPase 
activity appears to be slightly reversible. 

Which parts of the Ca2+-ATPase correspond to domains I 
and II? MacLennan and co-workers have predicted the sec- 
ondary structure and domain organization of the Ca2+-ATPase 
based on the primary sequence (MacLennan et al., 1985; 
Brandl et al., 1986). They predict five structural domains. 
The transmembrane domain is thought to consist of 8 or 10 
helices crossing the lipid bilayer. The stalk domain consists 
of five helices apparently coupled to the transmembrane do- 
main. The nucleotide binding domain contains the ATP 
binding site, and Asp-35 1 in the phosphorylation domain is 
phosphorylated during ATP hydrolysis. Although it was or- 
iginally proposed that the stalk region contains the high-affinity 
Ca2+ binding sites (MacLennan et al., 1985), recent work has 
shown that they are located in the transmembrane region 
(Clarke et al., 1989a,b). The polypeptide chain crosses the 
lipid bilayer between the transduction and phosphorylation 
domains. Twelve of the 13 Trp residues are in the tran- 
smembrane domain or associated with it; thus, this domain 
is preferentially probed by Trp fluorescence. The nucleotide 
domain is labeled by FITC at Lys-515 (Mitchinson, 1982). 

The results from the studies with Trp fluorescence indicate 
that the transmembrane domain is part of domain 11. Asso- 
ciation of the nucleotide binding domain, and almost certainly 
the phosphorylation domain, with domain I can be inferred 
from FITC labeling. The AH, of domain I is 74% of the total, 
suggesting that most of the protein is in this domain. The 
location of the transduction and stalk domains cannot be de- 
termined from these studies; however, one would expect the 
transduction domain to be part of domain I on the basis of 
the relative AH,  of each domain and an apparent strong in- 
teraction with the nucleotide binding domain (Inesi, 1985). 
Two of the five helices in the stalk region are continuous with 
the transmembrane helices in the secondary structural pre- 
diction (MacLennan et al., 1985), suggesting a strong asso- 
ciation between these domains. There is no evidence to assign 
the a-helical subdomain (5.5% of the total residues) to either 
domain I or domain 11. 

The nucleotide binding, phosphorylation, and transduction 
domains comprise approximately 52% of the total amino acid 
residues. The enthalpy of transition C is 74% of the total. 
Thus, if this assignment is correct, the denaturation of domain 
I1 has a lower specific enthalpy than that of domain I .  This 
is not surprising since most of the residues of domain I1 are 
buried in the lipid bilayer and presumably would not be ex- 
posed to the aqueous environment upon unfolding. 

The observed denaturation partially explains functional 
inactivation at elevated temperature. The T,  for inactivation 
of ATPase activity in EGTA is 49.2 O C ,  very close to the T ,  
of denaturation of the Ca2+-ATPase. Addition of 1 mM CaZ+ 
shifts the T,  by 0.7 OC, nearly identical with the 0.8-0.9 "C 
shift in the T,,, of domain I. In both the absence and presence 
of Ca2+, the activation energy for the denaturation of domain 
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extent or location of the conformational change cannot be 
determined from fluorescence alone. In addition, it is not 
possible to prove that the decrease in Trp fluorescence is not 
due to quenching by a close interaction between CaZ+ and the 
Trp residues. Evidence from CD implies that there is very 
little, if any change, in secondary structure during the E, - 
E, transition (Nakamoto & Inesi, 1986). The differential 
stabilization of domain I and I1 by Ca2+ suggests that the 
conformational change in the transmembrane domain is much 
greater than that in the remainder of the protein and that the 
change in  fluorescence is, indeed, due to a protein confor- 
mational change and not contact between CaZ+ and Trp. The 
conformational change from E, to E2 is accompanied by a 
considerable stabilization of this region and a much smaller 
stabilization of the nucleotide binding, phosphorylation, and 
transduction domains. The weak stabilization implies a weak 
interaction between these two thermodynamically independent 
units (domains I and 11); however, some interaction is nec- 
essary since ATPase activity is Ca2 dependent, requiring 
communication between domains I and 11. 

Registry No. ATPase, 9000-83-3; Ca, 7440-70-2. 
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