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The stoichiometry of calcium binding to specific sites (i.e., those producing enzyme activation) was found to 
bc 8-10 n m o l / m g  protein in native sarcoplasmic reticulum vesicles, and 13.9-15.4 n m o l / m g  of ATPase 
purified by non-ionic detergent solubUization and anion exchange chromatography. Parallel measurements of 
phosphoenzyme yielded levels of 4.0-4.9 and 6.0-7.7 n m o l / m g  of protein in the two preparations, 
respectively, demonstrating that each 115 kDa ATPase chain includes one catalytic site and two calcium 
binding sites. The apparent association constant, K = (6 + 2). 105 M -  i and the binding cooperativity, 
n H = 1.9, were unchanged when measurements were carried out with native sarcoplasmic reticulum vesicles 
and when the membrane surface charge was altered by lipid substitution with phosphatidylcholine or 
phosphatidylserine, at neutral pH in the presence of 10 mM MgCI 2 and 80 mM KCI. On the other hand, the 
apparent association constant was increased in the absence of Mg 2+ or, to a lesser extent, in the absence of 
monovalent cations. It was also observed that the cooperative character of the calcium binding isotherms was 
reduced in low ionic-strength media. Analysis of the electrostatic effects indicates that the calcium-binding 
domain is shielded from the membrane phospholipid surface charge by virtue of its location within the 
ATPase protein. The effects of various electrolytes are attributed to monovalent-cation binding in the 
calcium-binding domain. The apparent loss of cooperativity of the calcium binding isotherms at low ionic 
strength is attributed to a progressive displacement of the titration curve which is minimal at low degrees of 
saturation and becomes larger at higher degrees of saturation. This behavior is described quantitatively by the 
progressive effect of calcium binding on an electrostatic potential generated by localized protein charge 
densities within, or near, the calcium-binding domain. 

Introduction 

Measurements of calcium binding to sarco- 
plasmic reticulum vesicles following equilibration 

* To whom correspondence should be addressed. 
Abbreviations:Cl2E s, dodecyl octaethylene glycol monoether: 
EGTA, ethylene glycol bis(/3-aminoethyl ether)-N,N'-tetra- 
acetic acid: Mes, 4-morpholineethanesulfonic acid; Mops, 4- 
morpholinepropanesulfonic acid; PC, phosphatidylcholine; PS. 
phosphatidylserine; PI, phosphatidylinositol: PG, phosphati- 
dylglycerol. 

with radioactive tracer reveal two or three classes 
of binding sites of different affinities [1]. The 
high-affinity class, which is involved in enzyme 
activation, displays cooperative behavior and 
accounts for 8-10 nmoles of calcium bound per 
mg of protein in sarcoplasmic reticulum vesicles 
[2-4] and 10-12 nmol /mg of protein [5] purified 
by fractional solubilization with ionic detergents 
[6,7]. These values are less than expected (17.4 
nmol /mg  protein) assuming that the purified pre- 
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parations contain only active ATPase and that 
each 115 kDa ATPase chain binds two calcium 
ions. In order to resolve this basic question of 
stoichiometry, we measured calcium binding to 
sarcoplasmic reticulum ATPase purified by solu- 
bilization with a non-ionic detergent and anion 
exchange chromatography, which was recently re- 
ported to yield levels of phosphorylated enzyme 
intermediate corresponding to one phosphoryla- 
tion (catalytic) site per 115 kDa ATPase chain 
[8 10]. Since this purification method permits 
replacement of native sarcoplasmic-reticulum lipids 
with phosphatidylcholine (PC) or phosphati- 
dylserine (PS), we also studied the effect of lipid 
charge on calcium binding. Finally, we determined 
a series of calcium binding isotherms in media of 
different electrolyte composition and investigated 
the electrostatic mechanisms involved in calcium 
binding to the high-affinity sites of sarcoplasmic 
reticulum ATPase. 

Experimental procedures 

Sarcoplasmic reticulum vesicles were obtained 
from rabbit skeletal muscle as previously described 
[11]. Purified ATPase was prepared according to 
Barrabin et al. [8] as follows: a sufficient amount 
of preswollen DEAE (DE-52, Whatman) cellulose 
was suspended in 100 ml of equilibration buffer 
(20 mM Tris-HC1 (pH 7.3), 0.1 mM CaCI 2, 120 
mM NaCI, 20% (v/v)  glycerol, and 0.5 mg dodecyl 
octaethylene glycol monoether (CT2 Es) per ml) to 
yield 35 ml of packed gel. The slurry was adjusted 
to pH 7.3, poured into a Bio-Rad econocolumn, 
and equilibrated with at least 250 ml equilibration 
buffer which was allowed to flow until only a 
minimal layer was left on top of the gel column. 
Meanwhile, sarcoplasmic reticulum vesicles (50 mg 
protein) were dissolved in 25 ml of a medium 
containing 20 mM Tris-HCl (pH 7.5), 0.1 mM 
CaC12. 50 mM NaCI, 20% (v/v)  glycerol, and 4 
mg C T2 E~/ml. The solubilized protein was passed 
through an HA 0.45/~m Millipore filter, placed on 
top of the gel in the chromatography column, and 
allowed to flow at a rate of 0.16-0.17 ml/min.  
Equilibration medium (approximately one-third of 
the column volume) was added just when the 
solubilization solution had entered the column, 
and nonspecific protein was washed out until the 

absorbance (X= 280 nm) reached the baseline. 
The elution flow was then increased to 0.250 
ml/min,  and when the elution fluid had entirely 
entered the column, elution buffer (20 mM Tris- 
HC1 (pH 7.3), 0.1 mM CaC12, 120 mM NaCI, 20% 
(v/v)  glycerol, and 0.5 mg C12Es/ml) was added 
and the elution flow increased 3- or 4-fold. Drying 
of the gel and air bubbles were avoided at all 
times. 

The elution peak contained ATPase which was 
mostly delipidated (8 10 moles of phospholipid 
phosphorus remaining per mole of ATPase chain) 
and displayed very low activity. This fraction was 
pooled, diluted with elution buffer to a protein 
concentration of 2.0-2.5 mg/ml,  and exogenous 
phospholipid (2.0 2.5 mg/ml)  was added. For this 
purpose an appropriate volume of a chloroform- 
methanol solution of phosphatidylcholine (Type 
V-EA, Sigma) or bovine-brain phosphatidylserine 
(Sigma) was dried with a stream of nitrogen, the 
dry residue was dispersed with elution medium to 
a concentration of 30 mg phospholipid/ml,  and 
the dispersion was immersed in a sonicator bath 
for two minutes. The sonicated lipid was then 
simply added to the ATPase eluate, and the mix- 
ture was incubated for 90 rain at room tempera- 
ture. 

When a more concentrated protein suspension 
was required, the glycerol contained in the suspen- 
sion was removed by passing the samples through 
a Bio-Gel P-10 (Bio-Rad) column equilibrated with 
20 mM Tris-HCl (pH 7.3), 50 mM NaCI, and 20 
p~M CaC12. The eluate was centrifuged for 30 rain 
at 30 000 × g, and the pellet was resuspended in a 
suitable volume of elution medium (without 
glycerol). 

The entire procedure was carried out at room 
temperature, and the final samples were stored at 
-70°C after freezing with an acetone/solid CO 2 
mixture. 

ATPase activity was assessed by measuring Pi 
cleavage from ATP in media containing 20 mM 
Tris-HC1 (pH 7.5), 0.1 mM CaCI:, 80 mM KCI, 
10 mM MgC12, and 10-15 ~g protein/ml.  When 
indicated, C12E s (1 mg/ml)  was also present. The 
reaction was started by the addition of 2 mM ATP 
and quenched with molybdovanadate reagent [12] 
after 1 rain incubation at 37°C. 

Enzyme phosphorylation with [y-32P]ATP, or 



32p~, was measured as follows: Phosphorylation by 
ATP was carried out at 25°C for 10 s in a reaction 
medium containing 30 mM Tris-HCl buffer (pH 
7.5), 5 mM MgCI 2, 10 mM CaCI2~ 80 mM KC1, 
and 0.1 mM [~,--~2p]ATP. Phosphorylation by Pi 
was carried out in a reaction medium containing 
30 mM Mes-Tris buffer (pH 6.0), 40% Me, SO, 20 
mM MgCI 2, 1 mM EGTA, and 1 mM 32pi-Tris for 
10 rain at 25°C. The reaction was initiated by 
addition of [7-32p]ATP or 32P i and quenched by 
the addition of ice-cold perchloric acid containing 
Pi (final concentrations 125 mM and 4 raM, re- 
spectively). The protein precipitate was washed 
three times with 4 ml aliquots of ice-cold 125 mM 
perchloric acid containing 4 mM Pi and once with 
4 ml of water. The washed pellets were dissolved 
in 0.35 ml of 1% lithium dodecyl sulfate, 0.1 M 
Li2SO 4, and 0.05 M lithium acetate (pH 4.5). 
Aliquots were taken for protein determination and 
liquid scintillation counting. 

Calcium binding was determined by measuring 
the distribution of radioactive calcium tracer fol- 
lowing equilibration in chromatography columns 
[2], a n d / o r  by measuring the calcium-induced 
change of protein intrinsic fluorescence [13-15,34]. 
For the direct measurement of binding [2], small 
columns (0.5 × 12.0 cm) were filled with Bio-Gel 
P-50 (50-100 mesh) and equilibrated with an elu- 
tion medium containing buffer, radioactive 
calcium, and other electrolytes as specified in the 
legends to the figures. A concentrated suspension 
(1 mg) of protein was then placed on top of the 
column and allowed to elute. Radioactive calcium 
and protein concentration were then determined in 
fractional elution samples. The excess calcium (over 
the baseline) eluting with the protein peak was 
considered bound. 

Measurements of intrinsic fluorescence were 
carried out with an Aminco-Bowman spectrofluo- 
rometer equipped with thermostatted cell holder 
(25°C) and cuvette stirrer. Excitation wavelength 
was 290 nm and the emission intensity was mea- 
sured at 330 nm. The protein concentration was 
0.1 mg/ml ,  and the medium contained the electro- 
lyte compositions given in the legends to the fig- 
ures. Calcium or EGTA additions were made with 
very small volumes, and the dilution effects on 
fluorescence intensity were taken into account. 

Total calcium was measured by atomic absorp- 
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tion spectrometry or by double-wavelength pho- 
tometry and titration with EGTA in the presence 
of the metallochromic indicator murexide. Free 
Ca 2+ concentrations were estimated from total 
calcium and EGTA by computations [16], taking 
into account pH, Mg 2+ and K + concentrations, 
and the binding constants given by Allen et al. 
[17]. 

Protein concentration in the presence of C12 Es 
and glycerol was measured by the Lowry method 
[18] modified according to Peterson [19]. 

Phospholipid phosphorus was measured by the 
method of Barlett [20], 

Results 

Binding stoichiomet O' 
The first aim of our study was to define the 

stoichiometry of specific (high-affinity) calcium- 
binding sites and phosphorylation (catalytic) sites 
in sarcoplasmic reticulum ATPase purified by 
solubilization with a non-ionic detergent and by 
anion exchange chromatography [8]. Since the en- 
zyme is largely delipidated (8-10 moles of phos- 
pholipid phosphorus remaining per mole of 
ATPase chain) during the chromatographic proce- 
dure, exogenous lipids a n d / o r  detergent must be 
added to restore ATPase activity. Relative to 
sarcoplasmic reticulum vesicles (rendered leaky 
with detergent), the purified ATPase shows an 
approximately 2-fold increase in hydrolytic activ- 
ity when enriched with PC or PS, although the PS 
(but not the PC) preparation requires addition of 
detergent for full expression of enzymatic activity 
(Table I). We found that, independent of whether 
the purified enzyme is enriched with PC or PS, the 
specific calcium binding (measured at equilibrium 
in the presence of 45Ca concentrations saturating 
the high-affinity sites) increases from 8.0-10.0 
nmol /mg  protein obtained with native sarco- 
plasmic reticulum vesicles, to 13.9-15.4 nmol /mg  
of purified protein (Table I). Concurrently, the 
maximal level of phosphorylated intermediate rises 
from 4.0-4.9 nmol /mg protein in native sarco- 
plasmic reticulum vesicles, to 6.0-7.7 nmol /mg  of 
purified enzyme (Table I). Considering that 1 mg 
of purified enzyme contains a maximum of 8.7 
nmol of 115 kDa polypeptide chains, it is apparent 
that the stoichiometric ratio of specific calcium 
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TABLE I 

MAXIMAL LEVELS OF HYDROLYTIC ACTIVITY, PHOSPHORYLATED ENZYME INTERMEDIATE, AND CALCIUM 
BINDING IN NATIVE SARCOPLASMIC RETICULUM VESICLES AND IN PURIFIED ATPASE RELIP1DATED WITH PC 
OR PS 

Addition of C 1 2 E  s was  required to obtain maximal levels of hydrolytic activity (but not of phosphoenzyme or calcium binding) of 
only the PS-ATPase. SR, sarcoplasmic reticulum. 

Preparation Hydrolytic activity Phosphoenzyme Ca 2 + binding 
( kt tool/rag min) (nmol/mg) (nmol/mg) 

SR vesicles 6.3-7.7 4.0 4.9 8.0-10.0 
ATPase+PC 12.2 13.6 6.2 7.7 13.9 14.9 
ATPase + PS 4.2 6.0 6.0-7.5 14.1-15.4 
ATPase + PS + C 12 Ex 11.2-13.6 

s i tes  to  p h o s p h o r y l a t i o n  s i tes  to  115 k D a  po ly -  

p e p t i d e  c h a i n s  is 2 • 1 • 1. T h i s  r a t i o  is i d e n t i c a l  in 

p r e p a r a t i o n s  e n r i c h e d  w i t h  PC or  PS. 

Binding isotherms of natme and PC- or PS-enriched 
A TPase 

W e  t h e n  p r o c e e d e d  to d e t e r m i n e  the  C a  2 ÷ c o n -  

c e n t r a t i o n  d e p e n d e n c e  of  c a l c i u m  b i n d i n g  in 

' s t a n d a r d '  m e d i a  (10 m M  MgC12,  80 m M  KCI,  p H  

6.8) w h i c h  a re  m o s t  c o m m o n l y  u sed  in s t u d i e s  of  

e n z y m e  ac t iv i ty .  It  is s h o w n  in Fig. 1 t h a t  the  
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Fig. 1. Ca 2~ concentration dependence of calcium binding to 
native sarcoplasmic reticulum vesicles (O) and to ATPase 
purified and relipidated with PC (O) or PS (A). Calcium bind- 
ing was measured directly by [4SCa]Ca equilibration in chro- 
matography columns [2] in the presence of 20 mM Mops (pH 
6.8), 10 mM MgC12, 80 mM KCI, and either40 ffM CaC12 and 
EGTA to lower the free Ca 2 * concentration, or Ca 2+ (without 
EGTA) to yield free C a  2~ concentrations higher than 40 /xM. 
The solid curve has been drawn empirically through the data 
points. 

c a l c i u m  b i n d i n g  i s o t h e r m s  o b t a i n e d  b o t h  w i th  

s a r c o p l a s m i c  r e t i c u l u m  vesic les  a n d  w i t h  p u r i f i e d  

A T P a s e  e n r i c h e d  w i t h  PC or  PS a re  iden t i ca l ,  

d i s p l a y i n g  h a l f - m a x i m a l  s a t u r a t i o n  in the  p r e s e n c e  

o f  1.3 t~M C a  2+, a n d  d e f i n i t e l y  c o o p e r a t i v e  ( n  n = 

1.9) b e h a v i o r .  T h e r e f o r e ,  in ' s t a n d a r d '  m e d i a ,  

c a l c i u m  b i n d i n g  to  spec i f i c  s i tes  i n v o l v e d  in ac t iva -  

t i on  of  s a r c o p l a s m i c  r e t i c u l u m  A T P a s e  is n o t  sig- 

n i f i c a n t l y  i n f l u e n c e d  b y  the  p h o s p h o l i p i d  c h a r g e  

o f  t he  m e m b r a n e  b i l ayer .  T h i s  is in a g r e e m e n t  w i th  
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Fig. 2. Effect of K ~ and Mg 2~ on calcium binding to native 
sarcoplasmic reticulum vesicles. In addition to 20 mM Mops 
(pH 6.8), 0.1 mM total calcium, and EGTA to yield various 
free Ca -,+ concentrations, the equilibration medium contained 
10 mM MgCI 2 and 80 mM KC1 (O), 10 mM MgCI 2 and no 
KCI (O), or neither MgCI 2 nor KCI (A). Calcium binding was 
determined by measuring changes of protein intrinsic fluores- 
cence. The titration was started by adding increasing con- 
centrations of EGTA to 0.1 mM total Ca 2+. The solid curve 
has been drawn empirically through the data points. The dashed 
curve has been calculated by the Gouy-Chapman-Stern theory 
as described in the text. 
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Fig. 3. Calcium binding to native sarcoplasmic reticulum vesicles 
in the presence of different concentrations of KCI. In addition 
to 20 mM Mops (pH 6.8), 0.1 mM total calcium, and EGTA to 
yield various free Ca 2+ concentrations, the equilibration 
medium contained 80 mM KCI and 10 mM MgCI 2 (11), neither 
KCI nor MgCI 2 (zx), 80 mM KCI and no MgCI 2 (A), 200 mM 
KCI and no MgCla (11). Calcium binding was determined by 
measuring changes of protein intrinsic fluorescence. The solid 
curves have been drawn empirically through the data points. 

previous reports by Fiehn and Migala [2l] and 
Medda  and Hasselbach [22], who showed that 
calcium binding is not affected even by removal of 
lipid. 
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Fig. 4. Calcium binding to native sarcoplasmic reticulum vesicles 
in the presence of different monovalent cations. In addition to 
20 mM Mops (pH 6.8), 0.1 mM total calcium, and EGTA to 
yield various free Ca -,+ concentrations, the equilibration 
medium contained 200 mM of either CsCI (0 ) ,  choline chlo- 
ride (A), KCI (I) ,  or LiCI (O). No Mg 2+ was added. Calcium 
binding was determined by measuring changes of protein in- 
trinsic fluorescence. The solid curves have been drawn em- 
pirically through the data points. 

Effects of electrolytes on calcium binding 
When we extended our experimentat ion to vari- 

at ion of the electrolyte composi t ion of the medium, 
we found that omission of Mg 2+ increased the 
affinity of non-specific calcium binding sites to a 
range that interfered with selective titration of the 
specific sites with radioactive tracer. We then re- 
sorted to measurements  of protein intrinsic fluo- 
rescence, since it is known that this signal arises 
f rom calcium binding to specific sites, and it is not 
affected by calcium binding to non-specific sites of 
the sarcoplasmic reticulum ATPase  [13-15,34]. 

In Figs. 2 - 4  we illustrate the effect of altering 
the electrolyte ionic strength and composi t ion on 
the binding of calcium to the ATPase of native 
sarcoplasmic reticulum vesicles. It is shown in Fig. 
2 that the calcium binding isotherm obtained in 
the absence of Mg 2+ and K + displays a higher 
affinity (K  = 2 .3 .10  6 M -1  ) and a lower cooper- 
ativity ( n ~ = 1 . 2 - 1 . 3 )  than those obtained in 
' s t andard '  (10 mM Mg z+ and 80 mM K +) media 
(K-~  4.5 • 105 M -~, n R = 1.9). It is of interest that 
addit ion of Mg 2+, even in the absence of K +, 
returns both affinity and cooperativity to levels 
identical to those observed in the presence of both 
K + and Mg 2+ (Fig. 2). On the other hand, in the 
absence of Mg 2+, addit ion of K + up to 200 mM 
only partially lowers the affinity of the enzyme for 
Ca ,-+ , while it does restore the full cooperative 
character of the binding isotherm (Fig. 3). In the 
absence of Mg 2+, a comparison of the effects of 
Cs +, choline +, K +, and Li + shows that a reduction 
of the enzyme affinity for Ca 2+ is produced by 
these cations with a pattern related to their ionic 
radii (Fig. 4). On the other hand, the cooperative 
character  of  binding is fully restored by all of 
these monovalent  cations, independent  of their 
ionic radii. At saturating Ca 2 + the maximal calcium 
bound  is the same, independent  of the electrolyte 
composi t ion of the medium. 

D i s c u s s i o n  

Binding stoichiometrv 
The stoichiometry of calcium binding with re- 

spect both to the phosphoryla t ion (catalytic) sites 
and to the 115 kDa polypept ide chains of  the 
sarcoplasmic reticulum ATPase is an important  
issue. F rom the functional standpoint,  this issue is 
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related to the pumping ratio of two moles of 
calcium per mole of ATP [23], and to the cooper- 
ativity of calcium binding that requires at least 
two interacting sites at neutral pH [2] and four 
interacting sites at alkaline pH [5]. In our prepara- 
tions of purified ATPase we find that each 115 
kDa polypeptide chain includes two calcium sites 
and one phosphorylation (catalytic) site. This indi- 
cates that each 115 kDa chain has the correct 
stoichiometry of calcium and catalytic sites to 
account for the stoichiometry observed experimen- 
tally in active transport. In fact some evidence 
indicates that sarcoplasmic reticulum ATPase is 
active as a catalyst and energy transducer in the 
monomeric state [24,25], although it cannot be 
excluded that actual translocation of calcium across 
the membrane requires oligomeric assembly of the 
chains. On the other hand, interaction of two 
chains, together comprising four calcium sites and 
two catalytic sites, may be required to explain the 
high degree of binding cooperativity observed at 
alkaline pH [4] as well as some features of the 
enzyme kinetics [26]. Such a dimeric interaction is 
consistent with recent observations on bidimen- 
sional crystals of sarcoplasmic reticulum ATPase 
/27]. 

Binding isotherms of natit,e and PC- or PS-enriched 
A TPase 

In general, as a result of membrane surface 
charge, the ATPase Ca 2~ binding site may reside 
in a region whose electrostatic potential differs 
from that of the bulk solution. The aqueous Ca: 
concentration at the binding site, relative to that in 
the bulk solution, is then given by the Boltzmann 
distribution: 

[c~? ],, = [Ca ~+ ],, c,,p( - 2,,¢,, 
k T  ! (1) 

where the subscript '0 '  refers to the location of the 
binding site, subscript ' b '  refers to the bulk aque- 
ous solution (far from the membrane), ~o is the 
electrostatic potential in the aqueous phase at the 
binding site (relative to that in the bulk solution), 
e is the magnitude of the electron charge, k is 
Boltzmann's constant, and T is the absolute tem- 
perature * 

* In ourcxpcriments  the aqueous concentration of Ca 2~ is 
buffered with EGTA. Since each of the charged states of 

[Ca2+]o is the aqueous Ca 2+ concentration 
'sensed'  by the binding site, hence directly de- 
termines the amount of Ca 2 + bound. On the other 
hand, [Ca 2+]b is the Ca 2+ concentration that is 
known experimentally. Therefore, a binding curve 
plotted as a function of [Ca2+]b suffers a shift on 
the [Ca 2+] axis as a result of Eqn. 1 if ¢0 is 
nonzero. From Eqn. 1, this pCa shift (relative to 
the case ~ ,  = 0) is given by 

J p C a  = p C a h _ p C a o  = l ( - 2 e ~ o  I 
2.303 \ k r  ] (2) 

The electrostatic surface potentials for PC and 
PS membranes under the present ionic conditions 
(Fig. 1) can be calculated by use of the Gouy- 
Chapman-Stern theory. This theory, which com- 
bines Gouy-Chapman theory of the diffuse double 
layer, the Langmuir adsorption isotherm, and the 
Boltzmann distribution, has been shown to work 
extremely well for PC and PS membranes in elec- 
trolytes similar to those employed here [28,29,35]. 
For PC membranes the Gouy-Chapman-Stern the- 
ory yields an electrostatic surface potential 4'0 = 
+7.0  mV in 80 mM KCI and 10 mM MgCI 2 at 
25°C, while for PS membranes the result is ~0 = 

29.5 mV in the same electrolyte. Here we have 
used the intrinsic association constants K~ (K:  PC) 
= 0, K I ( K : P S ) = 0 . 1 5  M l, K I ( M g : P C ) =  2 
M ~, K I ( M g ' P S ) =  8 M 1, competitive binding 
of K + and Mg 2+ to PS, and phospholipid areas of 
70 A2 [28,29]. Thus, from Eqn. 2, if the Ca2+-bind- 
ing site senses ~0 at the membrane surface, the 
expected pCa shift for the PC membrane (relative 
to a membrane having ~P0 = 0) is ApCa = -0 .24 ,  
while for the PS membrane ApCa = + 1.00. There- 
fore the expected pCa shift for the PS membrane 
relative to the PC membrane is ApCa = +1.24 
pCa units. 

From Fig. 1 it is clear that a pCa shift of such 
magnitude would lie well outside the experimental 
scatter of the data. In fact the PS-ATPase and 

EGTA and its Ca 2+ complexes is subject to a Boltzmann 
relation analogous to Eqn. l, the Ca 2 ~-bufferiffg reactions 
are affected by the electrostatic potential. However. from the 
principle of detailed charge balance and the Boltzmann 
distribution, it is possible to demonstrate that the equilibria 
of these reactions are not shifted in the presence of the 
electrostatic potential and that Eqn. I remains valid. 



PC-ATPase binding curves appear to be coinci- 
dent. The binding curve for sarcoplasmic reticu- 
lum vesicles, whose phospholipid surface potential 
(based on sarcoplasmic reticulum lipid composi- 
tion) should lie between that of the PS and PC 
membranes, is also virtually the same. 

From the above analysis and the data of Fig. 1, 
we can say conclusively that the ATPase Ca 2+ 
binding site does not sense the phospholipid elec- 
trostatic surface potential of the membrane. We 
note that Bell and Miller [30]~ after incorporating 
sarcoplasmic reticulum K + channels into planar 
bilayers formed from neutral and from negatively- 
charged phospholipids, found the channel's K + 
conductance to respond only partially to the mem- 
brane electrostatic surface potential, leading to the 
possibility that the channel's entryway is 10 20 A 
away from the membrane surface. Our ATPase 
Ca -~ binding site is even less sensitive to phos- 
pholipid surface charge than is the K + channel of 
sarcoplasmic reticulum. This also may be due to 
location of the binding domain at some distance 
from the membrane surface so that, as a result of 
ionic screening, it senses an electrostatic potential 
of reduced magnitude. Estimates based on Fig. 1 
and the Debye screening length predict a binding- 
site distance greater than 20 A from the membrane 
surface, consistent with the known extension of 
the ATPase some 40 ,~ from the membrane surface 
into the aqueous phase [31]. Alternatively, the 
binding domain may be screened from the phos- 
pholipid surface charge by interposition of highly 
polar regions of the protein itself. Also, the bind- 
ing domain may be electrostatically insensitive to 
the surrounding phospholipids due to its local 
charge environment within the protein. Whether 
the ATPase Ca 2~ binding site in fact exists in a 
region of localized protein charge density can be 
inferred from the data on Ca 2+ binding to the 
sarcoplasmic reticulum ATPase in solutions of dif- 
ferent ionic strength and composition. 

Effects of electrolytes on calcium binding 
We now discuss to what extent the effects of 

different electrolytes on Ca 2+ binding (Figs. 2-4) 
can be attributed to (a) the phospholipid mem- 
brane surface potential and (b) localized protein 
charge densities. 

(a) Phospholipid membrane surface potential. 
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The phospholipid composition of rabbit skeletal 
sarcoplasmic reticulum is approximately 66% PC, 
17% phosphatidylethanolamine (PE), 11% phos- 
phatidylinositol (PI), 5% sphingomyelin, 1% PS, 
and less than 1% cardiolipin [31]. Thus, singly 
negatively-charged lipids (PI and PS) comprise 
about 12%, and zwitterionic phospholipids about 
88%, of total phospholipids, Calculation of f0  at 
the membrane surface by use of the Gouy-Chap- 
man-Stern theory requires knowledge of the intrin- 
sic association constants for the binding of all ions 
of interest both to the charged phospholipids 
(mainly PI) and to the zwitterionic phospholipids 
(mainly PC and PE). For the data shown in Figs. 2 
and 3, the cations of interest are Mg 2+, Ca 2 +, and 
K +. The binding constants of these ions for PC 
and PE are known [28,29]: Kl(Mg:  PC)=  2 M -1, 
K i ( C a : P C ) = 3  M -1, and K I ( K : P C ) = 0 .  The 
binding properties of these ions to PE are virtually 
the same as to PC. Since the intrinsic binding 
constants of these ions to PI are not known, we 
use, as an approximation, the binding constants 
for phosphatidylglycerol (PG), a phospholipid 
whose charge composition is similar to that of PI. 
The reported intrinsic association constants for 
PG are [28,32]: K l ( M g :  PG) = 6.0 M 
K I ( C a : P G ) = 8 . 5  M i, and K I ( K : P G ) = 0 . 1 5  
M 1 

In addition to Ca 2 +, Mg 2+, and K +, the media 
also contain 20 mM Mops buffer, pH adjusted to 
6.8 with Tris. Therefore, these buffers contribute 
ions to the electrolyte at concentrations [Mops ] 
= [Tris+] = 5.7 raM, as calculated from the 
Henderson-Hasselbalch equation with pK~, of 
Mops = 7.2 at 25°C. For the electrolyte in which 
both KCI and MgCI 2 are deleted, Tris + and Mops 
are the major ions in solution *. Whereas Mops- 
does not bind to negatively-charged phospholipid 
membranes, Tris + does bind to such membranes. 
In the following discussion, we approximate the 
binding of Tris + to PI by Kl(Tris:  PS)= 1.1 M 
I281. 

* By an argument similar to that used above for Ca-EGTA 
buffering, it can be shown that the protonation-deprotona- 
lion equilibria for the Mops and Tris buffers are not shifted 
in the vicinity of a charged membrane, so that simple Bohz- 
mann distributions remain valid, and Gouy-Chapman-Stern 
theory may be used unaltered. 



100 

TABLE 11 

M E M B R A N E  SURFACE POTENTIALS DUE  TO SARCOPLASMIC R E T I C U L U M  PHOSPHOLIPIDS'~,  PREDICTED pCa 
SHIFTS DUE TO THESE S UR F AC E  POTENTIALS h, AND EXPERIMENTAL pCa SHIFTS ' 

Case Electrolyte ¢ XD d ~b. " A pCa(calc.) b -1 pCa(calc.) pCa ' (expt . )  <" A pga*(expt.)  

No. (A) (mV) relative relative relative 
to ~o = 0 to case 1 to case 1 

1 80 mM KCI + 10 mM MgCI,  9.2 8.4 + 0.28 5.65 
2 no KCI + I0 mM MgCI 2 17.6 - 10.0 +0.34 +0.06 5.65 0 
3 no KCI+ no MgCI2 

(5.7 mM Tris-Mops) 40.3 -85 .9  ~ +2.90 +2.62 6.37 +0.72 
4 80 mM KCI + no MgCI 2 10.8 - 37.1 + 1.25 +0.97 5.95 +0.30 
5 200 mM KCI+ no MgC1 z 6.8 -24.1  +0.81 +0.53 5.82 +0.17 

~' Calculated by the Gouy-Chapman-Stern theory with the intrinsic association constants described in the text. 
b Calculated by Eqn. 2. 

Cases 1. 2. and 3 refer to Fig. 2: cases 1. 3.4,  and 5 refer to Fig. 3. 
<l Deby¢ screening length of the electrolyte in column 2 at 25°C. 
" p('a~ is the value of pCa at which the ATPase binding site is 50% saturated. 

In Io-,* ionic strength electrolytes where the added Ca 2 + is sufficient to alter ~ (i.e.. case 3), ~)0 is given at pCa = pCa , .  

TABLE 11I 

C A L C U L A T E D  LOCAL ELECTROSTATIC POTENTIALS A N D  LOCAL C H A R G E  DENSITIES AT THE Ca 2+ BINDING 
SITE 

Case Electrolyte dpCa,(expt.) k4o (mY) ~0 (mY) a (10 4charge/A2)  

No. relative to case 1 " relative to case 1 h at binding site ~ at binding site a 

1 80 mM KCI+ 10 mM MgC12 0 0 
3 no K('I + no MgCI 2 

(5.7 mM Tris-Mops) " +0.72 21.3 - 2 1  2.4 
4 80 mM KCI + no MgCI : + 0.30 - 8.9 - 9 3.6 
5 200 mM KCI + no MgCI 2 +0.17 - 5.0 5 - 3.2 

" Values taken from Table I1. 
h Calculated by Eqn. 2. 
• Assuming ",.,b¢l (case 11 ~ 0. 
d Calculated by the Gouy-Chapman theory. 
~" All values for case 3 are at pCa - pCa, .  

As discussed in the text. the intrinsic charge density here is estimated to be - 3.10 4 cha rge /A  2. The indicated value at pCa = pCa,  
therefore includes ~. 0.6-10 4 c h a r g e / A  2 due to bound Ca 2+. 

In  T a b l e  11 w e  g i v e  t h e  r e s u l t s  o f  t h e  

G o u y - C h a p m a n - S t e r n  c a l c u l a t i o n s  o f  s a r c o p l a s m i c  

r e t i c u l u m  m e m b r a n e  s u r f a c e  p o t e n t i a l s  fo r  e a c h  

c a s e  s h o w n  in F ig s .  2 a n d  3, b a s e d  o n  t h e  s a r c o -  

p l a s m i c  r e t i c u l u m  p h o s p h o l i p i d  c o m p o s i t i o n  a n d  

t h e  i n t r i n s i c  a s s o c i a t i o n  c o n s t a n t s  d e s c r i b e d  a b o v e .  

T h e s e  v a l u e s  o f  g<, t ire t h o s e  r e s u l t i n g  o n l y  f r o m  

t h e  p h o s p h o l i p i d s  a n d  d o  n o t  i n c l u d e  a n y  p r o t e i n  

e f f e c t s .  In  all  c a s e s ,  ~b o o f  t h e  m e m b r a n e  is p e r -  

t u r b e d  n e g l i g i b l y  by  c a l c i u m  i o n s  b o u n d  to  

A T P a s e .  A l s o ,  o n l y  in  c a s e  3 o f  T a b l e  I1, i.e. t h e  

c a s e  [ K C I ] = [ M g C 1 2 ] = 0 ,  d o e s  t h e  a d d e d  C a  2+ 

( u p  to  10 4 M )  p e r t u r b  t h e  e l e c t r o l y t e  a n d  t h e  

s u r f a c e - c h a r g e  d e n s i t y  o f  t h e  p h o s p h o l i p i d s  s u f f i -  

c i e n t l y  to  a l t e r  4% o f  t h e  m e m b r a n e  ( s e e  b e l o w ) .  

O n c e  + ,  h a s  b e e n  d e t e r m i n e d  fo r  e a c h  e l e c t r o -  

l y t e  b y  u s e  o f  t h e  G o u y - C h a p m a n - S t e r n  t h e o r y  

( c o l u m n  4 o f  T a b l e  I1), t h e  p r e d i c t e d  pCa s h i f t  o f  

e a c h  A T P a s e  Ca 2 + b i n d i n g  c u r v e ,  r e l a t i v e  to  t h e  

c a s e  4% = 0, c a n  be  c a l c u l a t e d  b y  u s e  o f  E q n .  2. 



These results are shown in column 5 of Table II. 
In column 6 we list the pCa shift for each electro- 
lyte relative to that of the ' s tandard '  electrolyte, 
i.e. to case 1. These pCa shifts are those predicted 
for a Ca 2 ~ binding domain fully sensitive to ~0 
generated by the phospholipids at the sarco- 
plasmic reticulum membrane surface. 

In column 7 of Table II we summarize the 
experimental pCal/2 values from Figs. 2 and 3. In 
column 8 we list these values relative to pCa~/~ of 
case 1. We now compare the experimental values 
of column 8 to the calculated values of column 6. 

For case 2, in which KCI is omitted but MgCI 2 
is retained, no detectable pCa shift is predicted 
(and none is observed), since the presence of 10 
mM MgCI 2 is sufficient to 'c lamp'  the surface 
potential to a value near - 1 0  mV, irrespective of 
the presence or absence of 80 mM KCI. Therefore, 
in order to vary ~, ,  MgCI 2 must be deleted and 
only the monovalent salt varied (Figs. 3 and 4). 

In cases 3, 4, and 5, [KCI] is varied from 0 to 80 
mM to 200 mM, respectively. Comparison of the 
predicted pCa shifts (column 6 of Table II) with 
the observed shifts (column 8), reveals that the 
latter are uniformly smaller than the former. In 
fact the observed shifts are consistently about 30% 
of the shifts predicted on the basis of an ATPase 
binding site that senses the full surface potential of 
a sarcoplasmic-reticulum phospholipid membrane. 
From Eqn. 2 it is seen that the electrostatic pCa 
shift of a given Ca 2+ binding curve is directly 
proportional to the electrostatic potential at the 
binding site. Therefore, in cases 3 5 the Ca 2+ 
binding site must sense an electrostatic potential 
that is much lower than the potential at the mem- 
brane surface. 

We can estimate the electrostatic potential at 
the Ca2+-binding site for cases 3-5 as follows: 
From Eqn. 2 and the experimental pCa shifts 
relative to case 1 (column 3 of Table III), ~0 at the 
binding site can be calculated for each case rela- 
tive to ~0 for case 1. These values are shown in 
column 4 of Table III. Determining the absolute 
values of +o for cases 3-5 now requires knowledge 
of ~o at the binding site for case 1. This value is 
likely to be very small, since case 1 involves the 
presence of 10 mM MgCI 2. If we assume that 
g'o = 0 for case 1, then the values of ~b 0 for cases 
3 5 are those listed in column 5 of Table III.  It 

lOt 

should be noted that these values of +0 at the 
binding site are all 20-25% of the respective values 
of g'o at the membrane surface (column 4 of Table 
II). 

The fact that @o at the binding site is a fraction 
of @0 at the membrane surface suggests that the 
binding site may be located some distance from 
the surface, and hence screened from it by the 
electrolyte. If so, then the distance necessary to 
reduce @o to 20%-25% of its surface value is 
1.4-1.6 )~i), where )~D is the Debye screening 
length *. However, from Table II, it is seen that 
X D varies considerably from case 3 to case 5; 
hence this interpretation requires that the 
binding-site position change with [KCI], its dis- 
tance from the surface being 56 ,~, 15 A, and l l  ~., 
respectively, for cases 3, 4, and 5. Although not 
impossible, such behavior does not seem likely. 

The near constancy of the ratio of +0 at the 
binding site to ~o at the membrane surface, de- 
spite a 35-fold change of electrolyte ionic strength, 
suggests that electrolyte screening of membrane 
surface charge does not play an important role in 
determining +0 at the binding site. This is con- 
sistent with the conclusions drawn from the PC- 
ATPase and PS-ATPase binding data, which indi- 
cated that the Ca 2 + binding site does not sense the 
phospholipid surface charge of the membrane ap- 
preciably. 

(b) Localized charge density. An alternative ex- 
planation is that +0 is determined by a localized 
charge density in the protein, situated near the 
binding site. The effective localized charge density 
(o), for each case, can be calculated from the 
values of ~0 in Table III  by use of the Gouy- 
Chapman theory. The results are shown in column 
6 of Table III. The values of o for cases 3 5 range 
from - 2 . 4 . 1 0  -4  to  - 3 . 6 "  10 4 charge/,~2, which 
is significantly less than the intrinsic charge den- 

* The Debye screening length is given by 

where N A is Avogadro's number, e is the electron charge, c 
is the dielectric constant of the electrolyte, k is Boltzmann's 
constant, T is the absolute temperature, and / is the electro- 
lyte ionic strength [33]. 
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sity of the sarcoplasmic reticulum phospholipid 
membrane,  - 1 7 . 1 0  4 charge/A2. The reduction 
of [o1 for case 3, compared to case 4, will be 
discussed in the following section. The small re- 
duction of 1o] for 200 mM KCl compared to 80 
mM KCI may reflect the existence of some K + 
binding to the protein in the region of the Ca 2+ 
binding site. 

In Fig. 4, the experimental pCa shifts for these 
monovalent-cation chloride salts occur in the order 
Cs+_> choline+> K + >  Li +. In terms of the pro- 
tein local charge density, these data imply that the 
monovalent cations must bind in this local region. 
Since the electrolyte ionic strengths, and hence the 
Debye screening lengths, are the same for all four 
electrolytes, the intrinsic protein charge density 
should not change (as a result of altered screening 
between protein charges and altered charge-charge 
repulsions) from one electrolyte to the other. The 
different pCa shifts in Fig. 4, which reflect differ- 
ent values of 40 at the binding site and different 
values of localized charge density, must therefore 
result from different amounts of monovalent cat- 
ion bound. (It was mentioned above that the data 
of Fig. 3 also suggest K + binding.) Moreover, the 
fact that at saturating Ca 2+ the maximal amount 
of C a  2+ bound is independent of the electrolyte 
suggests that monovalent-cation vs. Ca 2 + binding 
is of a competitive nature. 

It is clear from Fig. 4 that the relative binding 
strengths of the monovalent cations to the protein 
in the vicinity of the Ca 2+ binding site occur in the 
sequence Li +> K +> choline +> Cs +. This order is 
the same as the order of binding strengths of these 
ions to PS and PG membranes (except perhaps for 
choline, which has not been reported) [28]. 

Effect of electrostatic potential on cooperatiuity of 
Ca: + binding 

All but one of the Ca 2 + binding curves of Figs. 
1 4 display cooperative behavior, having Hill 
coefficients near 2 [2]. However, the curve mea- 
sured under low ionic strength conditions shows 
an apparent reduction of cooperativity. We now 
consider whether such behavior can be attributed 
to electrostatic effects. 

In the C a  2+ binding experiments, free aqueous 
[Ca 2+]is  varied from 10 -7 M to 3 . 1 0  5 M. For 
the moderate and high ionic-strength electrolytes, 

such small additions of Ca 2+ are not sufficient to 
alter @0 at the binding site. In effect, +~ is 
'c lamped'  by the electrolyte irrespective of the 
value of pCa. The result, as seen from Eqns. 1 and 
2, is that the Ca 2+ binding curves are simply 
shifted on the pCa axis with no change of shape. 
However, for case 3 of Figs. 2 and 3, where the 
ionic strength is only 5.7 raM, the Ca 2 * additions 
apparently are able to alter ~b o. The result is as 
follows: As [Ca 2+] increases, ~P0 becomes less 
negative due to screening and binding of Ca 2 + to 
the protein or membrane. The lowered I~b.I causes 
less pCa shift (relative to the case @0 = 0) than 
would otherwise occur. Since I~01 decreases as pCa 
decreases, the binding curve becomes distorted, 
splaying to the right at low pCa. This effect is 
clearly seen for case 3 of Fig. 2, where little 
distortion is evident in the lower part of the curve 
(pCa > pCa ,2), while the upper part of the curve 
(pCa < pCaL, 2 ) is skewed to the right. This type of 
distortion is most suggestive of electrostatic ef- 
fects. It gives the appearance of a binding cooper- 
ativity that decreases as a function of decreasing 
pCa. 

To gain more insight into this phenomenon, we 
have used the Gouy-Chapman-Stern theory to 
calculate the distortion of the binding curve ex- 
pected on the basis of simple electrostatics. The 
magnitude of the distortion is quantified using 
Fig. 2 as follows: At 10% of saturation, pCa of the 
distorted curve (i.e., left-hand curve) is 6.90, com- 
pared to 6.10 of the reference curve (right-hand 
curve). Therefore, the difference or pCa shift of 
the distorted curve relative to the reference curve 
at 10% of saturation is ApCa 1°= 0.80 pCa units. 
Similarly, at 50% of saturation we find ApCaS°= 
0.72 units, and at 90% of saturation ApCag°= 0.40 
units. From Eqn. 2, the difference between f0  of 
the shifted curve and @0 of the reference curve at 
each level of saturation can be determined: a,t, 1° 
= -23 .7  inV. a,t,5° = - ~'~o = - 2 1 . 3  mV, A~ 9° 11.8 
mV. (Note that A~b~ ° here agrees with the same 
quantity in Table llI.) If  we assume that @0 of the 
reference curve is independent of pCa in this 
range, as indicated by the symmetry of this curve, 
then ~P0 of the distorted curve increases by 2.4 mV 
between 10% and 50% of saturation, and it in- 
creases by 9.5 mV between 50%and 90% of satura- 
tion. 



Using the local charge density previously de- 
termined for case 3 at pCal/: (cf. Table III), we 
can calculate with the Gouy-Chapman-Stern the- 
ory the expected change of +0 as pCa ranges from 
6.9 (10% of saturation) to 5.5 (90% of saturation) 
in case 3. If Ca :+ only screens and does not bind, 
the predicted change of +o over the above pCa 
range is insignificant (<  0.1 mV). Alternatively, if 
we assume, as a result of the low ionic strength 
and large ~D of this electrolyte, that +0 at the 
binding site is affected by changes of the phos- 
pholipid surface potential of the membrane, and 
that Ca 2+ binds to the phospholipids as previously 
described, again the predicted change of +0 at the 
binding site over the relevant pCa range is far too 
small (1.2 mV) to produce the observed effects. In 
fact, for ~0 = - 2 0  mV, a change of 11.9 mV over 
a pCa range of 6.9 to 5.5 is a very large change 
indeed. It can only be produced from the Gouy- 
Chapman-Stern theory if Ca 2+ binds to the pro- 
tein in the localized charge region, thus effecting a 
change of the localized charge density. If Ca 2. is 
assumed to bind to the negatively-charged groups 
that comprise the localized charge density, then an 
intrinsic localized charge density of - 3 - 1 0  4 
charge/ ,~ 2 and an intrinsic association constant of 
5 . 1 0  4 M -1 produce an excellent fit to (a) the 
correct ~o and charge density at pCal/2 (cf. Table 
Ill) and (b) the correct changes of +0 (i.e., distor- 
tion of the binding curve) over the entire relevant 
pCa range. The Gouy-Chapman-Stern theoretical 
curve calculated with the above parameters is 
shown by the dashed curve in Fig. 2. 

It is important to realize that the calculated 
curve in Fig. 2 is generated by the Gouy-Chap- 
man-Stern theory with only two fitted parameters: 
the intrinsic protein localized charge density and 
the intrinsic Ca 2+ association constant described 
above. In this treatment, the distortion ('loss of 
cooperativity') of the binding curve at low ionic 
strength occurs as the result of a progressive pCa 
shift relative to the 'standard' binding curve at 
high ionic strength. This kind of shift, in turn, 
arises from the fact that at low ionic strength q~0 is 
Ca 2 +-dependent, i.e., ~0 is progressively altered by 
Ca 2+ binding to a localized charge density in the 
protein. 

Both theoretical and experimental limitations 
preclude a precise description of the localized pro- 
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tein charge. Neither the Gouy-Chapman-Stern the- 
ory, which treats charged domains in terms of a 
mean charge density, nor currently-available 
structural information of the ATPase, provides 
grounds for elucidating the source of this charge. 
It could result from charged residues in the vicin- 
ity of the Ca2+-binding domains or, alternatively, 
the charge may be intrinsic to the Ca2+-binding 
domains themselves. If the latter is the case, then 
the distortion of the binding curve at low ionic 
strength might result from the high-affinity Ca 2+ 
binding itself, with each bound Ca 2+ altering ~0 
and electrostatically repelling other calcium ions 
from neighboring binding domains. Thus, an anti- 
cooperative electrostatic effect becomes superim- 
posed on the intrinsic cooperative mechanism of 
the protein. This scheme requires that the Ca -~+- 
binding domains of neighboring polypeptide chains 
lie approximately within a Debye screening length 
of one another (40/~ in the present case). 

In conclusion, we attribute the distortion of 
calcium binding isotherms in low ionic-strength 
media to discrete electrostatic phenomena in the 
protein binding domains. The only arbitrary as- 
sumption in the above discussion is that ~0 = 0 at 
the CaZ+-binding domain for the 80 mM KCI + 10 
mM MgCI 2 electrolyte. If this assumption is inac- 
curate, the numerical details of the above argu- 
ments will differ, but the general principles will 
remain the same. 
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