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REGULATED BY 

Perturbation of sarcoPiasmic reticulum ATPase with the nonionic detergent C12E, is modulated by the amount of free Ca” 
present in the solvent prior to the addition of detergent. CD measurements show that the enzyme exists in solufion in two 
different confotmations that react differently with the detergent. They probably represent the free enzyme. and its complex 
with Ca’+. On this assumption, titrations with increasing amounts of Ca’+ produced data superimposable on curves obtained 
measuring Ca 2t bound to sarcoplasmic reticulum vesicles. 

I. in~oduction 

It is an accepted proposition that the functional 
characteristics of Ca’+-dependent ATPase of 
skeletal muscle SF. results from conformational 
changes elicited by the binding of ligands [1,2]. 
Direct evidence on the effects of Ca” on the 
enzyme conformation has been recently obtained 
by DuPont and Leight [3] using fluorescence spec- 
troscopy. 

Solvent perturbation techniques can be used for 
exploring conformational states in proteins_ In SR 
vc:icles a potential useful perturbant is C,,E, 
which solubilizes the vesicles. therefore improving 
the quality of data for optical measurements_ Also, 
this detergent is known to produce CD spectra in 

Abbreviations: SR. sarcoptasmic reticulum; SR ATPase, (Cazc 
-F Mg** )-ATPase of sarcoplasmic reticulum; CD. circular di- 
chroism; Mops, 3-( N-morphoIino)propanesulfonic acid; Mes, 
2-( ~-mo~hoiino)ethanesuifooic acid; Hepes, N-2-hydroxyeth- 
yipj~er~ine-~-2-ethan~~Ifoo~c acid: EGTA. ethylene giycoi 
bis(&uninoethyl ether)-N.N,N’_N’-tetraacetic acid; C,,E,, 
dodecyloctaethylene glycol monoether. 

the far-ultraviolet region, which are different in 
the presence and absence of Ca-‘& [4], suggesting 
that it is abie to distinguish between the free 
enzyme and its complex with Ca”. 

The results presented here indicate that the 
kinetics of interaction of SR vesicles with C,,Ex is 
biphasic, due to the presence of at least two com- 
ponents reacting with the detergent at different 
rates. If the slow reacting species is taken as the 
fraction of enzyme saturated with Ca’“, titrations 
are produced which are very similar to those ob- 
tained measuring the amount of Ca’* bound to SR 
vesicles [5]. 

2. Materials and Methods 

SR vesicles were prepared according to the 
method of Eletr and Inesi [6]. ATpase was purified 
as described by Meissner et al. [7]. They were 
suspended in 0.01 M Mops or Hepes buffers and 
0.2 M sucrose. Various concentrations of free Ca’” 
were obtained using CaZ’/EGTA buifers whose 
composition was determined by the dissociation 



equilibrium constams of Schwrtzenbsch et al. [S]. 
as calculated by the procedure of Fabialo and 
Fnbiato [Y]. The total concentration of EGTA was 
kept at 100 PM. 

Protein concentration was measured speclro- 
photomctricnlly a1 280 nm in 1% SDS using E = 1.0 
for the vcsiclcs and c = 1.2 for the purified ATPasc. 

SFcclr”pho~ometric measurements were con- 
ductcd with ;I Cary 14 spcctrophotometer. 

Optical activity was measured with a Jnsco-20 
spcctropolarimcler. All experiments were per- 
fclrmcd a1 room tcmperaturc. 

3. Resuits 

Fig. 1 shows fhe CD spectra obtained with 
vcsiclcs cquilihrated with lo--’ and 10 ’ M free 
cnz ’ . respectively, and soluhilized with 3 mg/mi 
C,,E,. The spcctru were unalyzcd with a curve-fit- 
ting program. standard in our laboratory [lo]. for 
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Fig. I. Far-ultraviolcl CD .spectra of SR vesicles soluhilized 
with 3 mp/ml C,:E, in the prescncc of IO-’ M Cn’+ (- - - - - -) 
and of 10 -’ M Caz * (-). in 100 mM Mops. 200 mM 
?rucrosc. 100 mhi EGTA. .I: pH 7.0. 

T;1bIc 1 

Relotivc amounts of sccondn~y SWUCLU~CS computed from the 
paramcler 0f Grccnficld and Pasman [I l] for SR vcsiclcs 
saturated or not saturotcd with CL 

Conditions: 10 mM Mops (pH 7.0). 200 mM sucrose. 100 pM 
EGTA. 3 mS/ml C,, E,. 

Amount of % a-helix W /3-conf’ormntion !6 nonordcrcd 
free Cn’* s;rucIurc 
(M) 

10-5 3X.2 9.48 52.4 
10. ’ 29.X 20.7 49.5 

cstinialing lhe relative proportions of a-helix. & 
conformation and nonordcred structures of the 
system. The results are listed in tahlc 1. They 
suggest Ihat Ca’ ’ modulates the secondary struc- 
(urc of Ihe system, producing a 10% inlerconvcr- 
sion of a-helix and &conformation. without mod- 
ifying the total amounI of nonordcred structure. 
Similar values wcrc obtained al pH 8.0 and 6.3. 
Also. similar results were obtained using purified 
ATPasc. proving that chc enzyme is responsible for 
Ihe CD changes. 

Ths rcuction of dctcrgcnt with vcsiclcs was fol- 
lowed by recording Ihe cllipticity at 222 nm for 30 
min. As shown in fig. 2. the monitoring was started 
30 s after addition of C,,E,. Complete clarifica- 
tion of Ihe samples occurred in less than 5 s, 
therefore the tracings monitored changes which 
were independent of turbidity. and represented the 
kinetics of the loss of ellipticity of SR ATPase 
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Fig. 2. Variation with cimc of [he ellipkicy of SR vesicles lrfccr 
addition of C,2E,. The dead time of the reaction was 30 s. 
Final cowentrocion of C,>E, was 15 mg/ml; in 10 mM Mops. 
200 mM sucrose, ill pH 7.0; protein concentration. 0.154 
mg/ml. 



produced by the interaction of the vesicles with 
C,,E,. The reaction of the detergent with the 
vesicles appeared to be dependent on the amount 
of free Ca2-+ present in the system. In the presence 
of 10 ,c~M Ca’+. at pH 7.0. the vesicles were 
completely saturated and the reaction was mono- 
phasic, as indicated by the slow decrease in el- 
lipticity during the entire period of observation. In 
the presence of 0.5 PM Ca”, the vesicles were 
partially saturated and a component reacting at ;t 
higher rate with the detergent was present, as 
indicated by the sudden decrease in cllipticity dur- 
ing the first l-2 min of the reaction. In the ab- 
scnce of Cn2 ’ (100 PM EGTA), the amount of the 
fast reacting species increased to a maximum. This 
would indicate that the ATPasc in the SR is dis- 
tributed in at Ieast two different conformations 
which interact with the dctcrgcnt at diffcrcnt rates. 
This distribution seems to be controlled by the 
amount of free Cn’ ’ present. The initial fast reac- 
tion of the vesicles with the detergent could not he 
analyzed in detail. because too much of it was 
masked by the dead time of the expcrimcnt (30 s). 
The amount of the enzyme present in the slowly 
reacting conformation ‘J+’ was cvaluatcd by moni- 
toring the cllipticity at 222 nm. 4 min after the 
nddition of the detergent. using 
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Fig. 3. Pcrturhu*ion of SK vesicles by C,2EI in the prcwncc of 
diflerent umot,nts of Ca’ + at various pH w~lues. The qu:mtity_t 
was evnluiiicd from mcasurcments of ellip!icity 4 min ;rficr 
uddition of delcraent. using cq. 1. anu rcprcscnls Ihc fraction of 
the slow rcacting-qxxics. 1; 16 mM Hcpk :pH X.0). Mops (pH 
7.0). Mts (pH 6.3). 200 mM sucrose’. 100 pM EGTA. The 
amounts of free Cu2+ produced by addition of CnCI, wtxtz 
estimated by chc method of Fubiato and Fnhiato 191. 

where 8,c,i.r, is the e!lipticity in the presence of 
excess EGTA and O,.,, that in the presence of 
excess Ca” ’ . 

The resulting titrations are shown in fig. 3. 
They resemble those obtained by Wrtanabc et al. 
[5] using chromutographic procedures for measur- 
ing the amount of Ca” bound to SR vesicles. The 
pH dcpcndcncc was very similar and Hill plots at 
pH 7.0 and X.0 gave II values of 1.4 and 1.73. 
respectively. consistent with the expected birding 
coopcrativity of the system [3]. 

4. Discussion 

As slwwn in table 1 and fig. 1. solubiiiz:!tion of 
SR vcsiclcs with C,2E, produced a partial dc- 
naturation of ATPasc. which was inhibited by the 
prcssncc of Ca’ ‘. Our cxpcrimcnts show that the 
kinetics of the donaturation produced by the dctrr- 
gent was biphasic. indicating the presence of ttt 
least two componarts. rcpracnting two different 
conformatianal states of the protein. 

One component reacted so fast that its dc- 
naturation wus almost complete within the first 30 
s of the reaction, so that the cllipticity at 4 min 
after addition of C,, 13, could be taken LLS the 
measurement of the fraction of protein in the slow 
reacting conformation which was proportional to 
the amount of free Ca” present in the sy::tcm. 

It is well known that the enzymatic activi:y of 
SR ATPasc is calcium dependent. Chnloub et ill. 
[ 131 proposed a model in which a ccnformationul 
switch of the system is produced by Ca2 ‘. Much 

experimenta! evidence based on fluorescence spcc- 
troscopy. SH-group reactivity, calcium-binding co- 
opcrativity and ESR spectroscopy [3,5.13-161 sup- 
ports this hypothesis. 

Our findings are consistent with the presence of 
a two-state system. Binding of Caz+ changes the 
conformation of the enzyme into a form more 
resistant to denaturrtion by C,,E,. 

This interpretation is also supported by data of 
Noller et al. [12] which show that the presence of 
C 1 preserves the enzymatic activity of ATPase 
exposed to C,2E,. 

This assumption is strengthened by the observa- 
tion that titration of the slow reacting spccics with 



increasing amount of Ca’+ gave results very simi- 
lar to calcium-binding curves measured directly. 
by chromatographic procedures [5]. 

The following model can be proposed 

where E*Ca is the Ca’ +-enzyme complex with the 
enzyme in the conformation resistant to denatura- 
tion. E the free enzyme and ED the enzyme dena- 
tured by the detergent. As expected from the high 
affinity of the enzyme for Ca’+. we have obtained 
x-, -K k_,. We found our data can be explained 
assuming X-, >> k,. so that the relative amounts of 
E*Ca in the system could be measured monitoring 
ellipticitirs 4 min after addition of C,?E,_ 

The model proposed in eq. 2 is probably an 
oversimplification which does not take into con- 
sideration multiple binding sites for Ca2+ and 
possible additional conformational components of 
the system. 

Better models will be formulated when detailed 
analyses of the kinetics of the interaction with 
detergent become possible. starting at times shorter 
than 30 s. With this goal in mind we are now 
implementing stopped-flow equipment in our 
spectropolarimetcr. 

!t should he stressed that even in the absence of 
rapid mixing devices measurements of ellipticity at 
a fixed wavelength can be used for monitoring 
bind of Ca- ’ f to SR vcsiclcs. 

Our data support the view that solvent per- 
turbation techniques may be very useful for ex- 
ploring the conformational states of membrane- 
hound proteins. 
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