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The analysis of the 23Na-NMR signal shape variations in the presence of vesicles of  light sarceplasmic reticulum 
(SR) shows the existence of sodium sites on the membranes with K d values el' about 1O raM. Other moaevalent 
cations displace Na + from SR fragments in a competitive manner  according to the tow K + >  Rb+> Cs+>  Ll +. 
Calcium ions also reduce Na + binding, the Na + desorption curve being of a two-stnge nature, which, as mllgested, 
indicates the existence of two types of Ca:  +-sensitive Na + binding sites (! and H). Sites of  type I and 11 are modified 
by Ca z+ in subnticromolar and millimoiar concentrations, respectively. Analysis of ~ (calcium) desorpdom 
produced by calcium (sodium) allowed us  to postulate the competition of these two ¢atiom for sites ! and identity of 
these sites to high-affinity CaZ+binding ones on the CaZ+-ATPase. Sites ! weakly iaternet with MS 2+ ( g a m ~  ~ 30 
raM). Reciwocal effects of sodium and cakium on binding of each other to sites H cammt he descrlhed by u simlde 
competition model, which indicates nonhomogeneity of  these sites. A portion of sites I ( ~ 71%) htteracte with M |  2+ 
( K ~ M s  = 3 - 4  mM). The p K .  value of sites H is nearly 6.0. The number of sites El is three times gtmtter than that 
of sites !. In addition, sites with intermediate affinity for Ca 2÷ were found with K d vatues of  2 -$ /~M.  These sites 
were revealed due to the reducing of the sites H affinity for Na + upon Ca 2+ ~ to S l  ~ It can thus 
he concluded that in mmenergized SR there are binding sites for monovalont cutions of at l u s t  three types: (1) sites 
1 (whkh also bind Ca 2+ at low concentrations), (2) magnesium-sensitive sites 11 ond (3) lngnesiom-ioseneitive 
sites 11. 

Introduction 
2Ca a" ATP AOP 

E1 ~ . ~  E1.2C a ~ ,c . . ._~. , ,  E 1 P . 2 C  o 
The transfer of calcium ions through sarcoplasmic I ' ' I 

reticulum membrane is provided by their binding to l 6 3 L high affinity sites on the Ca2+-ATPase cytoplasmic 
domain and by the subsequent ATP-dependent trans- 5 4 
port of  bound Ca 2+ into the lumen of SR. The latter E2 - ~. ~ E2P - ~ca2. f " E2P" 2co 
process is accompanied by a considerable reduction of scheme I. 
the sites' affinity for calcium. Nominally, the Ca 2+- 
ATPase function is described satisfactory by a cyclic 
scheme (Scheme I) postulating the existence of two 
conformations of the enzyme (E I and E 2) with high 
and low affinity for Ca 2+, respectively [1,2]. 

Abbreviations: SR, sarcoplasmic reticulum; Mops, 3-(N-morpholi- 
no)proponesulphonic acid; CI2E 8, octaethylene glycol dodecyl ether. 

Correspondence: D.O. 1..¢vitslty, USSR Cardiology Research Center, 
3rd Cherepkovskaya str., 15a, Moscow 121552, U.S.S.R. 

Partial Ca2+-ATPase reactions are subjected to reg- 
ulatory effects of  ATP, calcium, magnesium and mono- 
valent cations. Potassium ions, for example, are sup- 
posed to activate formation of the e ~  phospbopro- 
rein intermediate (step 2) [3-6], stimulate the h'bera- 
tion of tightly bound Ca 2+ (step 4) [7] or of Pi from the 
enzyme (step 5) [4-9], inh~it  the ATPase phosphoryla- 
tion in the presence of Pi [10] and ATP formation from 
ADP and Pi [10,11], affect isomerization stages (steps 3 
and 6) [4,12,13]. The multiple effects of  monovalent 
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cations on the enzyme saturated by Ca 2+ result in the 
stimulation of ATPase activity, and increase in Ca 2+- 
transport rate [14-16]. The activating effects are ob- 
served when potassium or sodium ion concentrations 
are in the range of 5 to 50 raM. On the other hand, 
when prcsent at concentrations higher than 100 mM 
and /o r  when Ca 2+ concentrations are below those 
saturating the enzyme, alkaline metal ions suppress the 
ATPase activity [11,14,17]. 

The binding of monovalent cations to Ca2+-ATPase 
is usually estimated by their influence on the kinetic 
characteristics of the ATPase reaction and Ca 2+ trans- 
port. Taking account of the previous data, one can 
suppose the presence on SR membranes of more than 
one type of sites for monovalent cation. Thus, accord- 
ing to the data obtained by Medda et al. [12] K + 
affects at least four stages of the ATPase cycle. Ribeiru 
and Vianna [17] postulated the existence of two K +- 
binding sites providing ATPase activation. It has been 
suggested that K+-binding sites, 'activating' and 'in- 
hibiting' Ca2+-ATPase, differ from Ca2+-binding sites 
[11,17]. So far, however, the binding sites for the mono- 
valent cations on SR membranes have not been investi- 
gated by direct methods with the exception of Li+-bin - 
ding sites [18]. in this connection it should be noted, 
that Li + affects the Ca2+-ATPase function in the least 
extent as compared to other alkaline metal ions 
[14,11,8]. 

The aim of this work was to study binding sites for 
alkaline metal cations in SR and reciprocal relation of 
these sites with the Ca2+-binding ones. For this pur- 
pose, the 23Na-NMR method was used. Due to the 
presence of a quadrupolar moment in the 23Na nucleus 
the 23Na-NMR signal shape undergoes marked changes 
when Na + is bound by a macromolecular ligand. The 
natural content of the Na + magnetic isotope is close to 
100%. Therefore, the 23Na-NMR method is charac- 
terized by a relatively high sensitivity [23]. Moreover, 
~3Na-NMR method permits, as it was shown in the 
experiments on Ca2+-binding proteins, to study not 
only the binding of Na + but to investigate Ca2+-bind - 
ing sites as well [21,22]. 

In this paper we demonstrate the existence of two 
types of Na+-binding sites on the SR membranes that 
do not differ in the affinity for the cation. At the same 
time they differ in pK a and in their ability to interact 
with Ca 2+ and Mg 2+. Some of the sites seem to be 
identical to the high-affinity Ca2+-binding sites. 

Materials and Methods 

Membrane preparation 
Crude fraction of SR membranes was isolated from 

white muscles of rabbit hind legs as described earlier 
[24]. The muscle tissue was minced by a homogenizer 
'Virtis 45' in a medium containing 0.1 M KCi, 10 mM 

NaHCO 3 (pH 7.8). The KCI-microsomes were precipi- 
tated by two-fold centrifugation in a medium contain- 
ing 0.6 M KCI, 10 mM Tris-HCI (pH 7.0). Heavy SR 
fraction enriched by terminal cisteruae was precipi- 
tated ~or 20 rain at 15 000 × g. Light SR fraction used 
in the experiments was obtained by precipitating the 
rest of vesicles at 80000 x g  for 40 min. As evidenced 
by SDS-electrophoresis in a polyacrylamide gel, the 
Ca2+-ATPase content in the light SR was not less than 
90%. 

Liposome preparation 
The fraction of SR iipids was isolated according to 

the method of Folch et al. [25]. To prepare iiposomes, 
the final suspension was sonieated by a Lab-Line UI- 
tratip at maximum power for 5 seconds in a medium 
containing 20 mM NaCI, I mM EGTA, 50 mM Tris- 
Mops (pH 7.0) and CaCI2 at different concentrations. 
The phospholipid concentration was measured in the 
presence of 10 mM CI2E s by 31p-NMR method using 
phosphoric asid as a standard [26]. 

The 2JNa-NMR measurements 
The 23Na-NMR spectra were obtained at 52.9 MHz 

on a Bruker CXP-200 spectrometer. For signal accu- 
mulation 45 °-pulses were used. The sweep width was 
5000 Hz; interval between pulses was 0.2 s. To stabilize 
resonance conditions, D20  was added to a sample 
(10% of the volume). For a separate determination of 
two characteristic time:, of transverse relaxation T~ and 
T~' a decrease curve of transverse magnetization was 
approximated by the superposition of two exponents 
using a nonlinear least-squares method. 

The measurements were performed at 20 °C in 2.5 
mi of the incubation medium usually containing 25 mg 
SR protein, 20 mM NaCI, 1 mM EGTA and different 
concentrations of CaCi2, 50 mM Tris-Mops (pH 7.0). 
The free calcium concentration was calculated using an 
apparent dissociaton constant of the Ca-EGTA com- 
plex [27]. 

Calcium binding measurements 
Passive calcium binding to SR membranes was mea- 

sured with nSCa2+. Vesicles of SR (200 # g  protein) 
were incubated for 10 rain in 1 ml of the medium 
containing 50 mM Tris-Mops (pH 7.0), 0.1 mM 4SCaCl2 
and different concentrations of NaCI and EGTA. No 
EGTA was added to the medium at free Ca 2+ concen- 
trations higher than 0.1 raM. The SR fragments were 
precipitated on HA-45 Millipore nitrocellulose filters. 
The amount of 45Ca2+ bound to SR protein was calcu- 
lated as a difference between the total 45Ca 2+ ab- 
sorbed on the filter and that bound nonspecifically. 
The latter was determined separately. Preliminary esti- 
mates showed that the calcium nonspecific binding 
depended on the amount of water retained on the 



filter rather than on NaCI and CaCI 2 concentrations in 
the medium. Radioactivity of the filters was measured 
in Bray scintillator. 

Sodium binding measurements 
Sodium binding was measured with 22Na. The SR 

membranes (1 mg protein) were incubated in 1 ml of 
the medium containing I mM EGTA, 50 mM Tris-Mops 
(pH 7.0), 3 mM 22NaCI and various concentrations of 
nonlabelled NaCL The SR vesicles were precipitated 
on filters as described for 45Ca assa). 

Materials 
Sucrose, Tris, Mops, EGTA, proteinase (type 14), 

calcium ionophore A23187 were obtained from Sigma. 
Metal chlorides were purchased from Merck. All chem- 
icals were of analytical grade. Alamethicin was a gift 
from V.B. Ritov (Moscow State University). 

Theory 

The ~Na nucleus has a spin ! =  3 /2  and a 
quadrupolar moment which considerably affects the 
relaxation parameters of 23Na, provided the ion is 
found in a nonsymmetric environment [28]. 

The relaxation equations for the spin ! = 3 /2  in the 
presence of chemical exchange between free and bound 
states were proposed by Bull [29]. These equations are 
simplified for the cases when the exchange rate is 
higher as compared to the relaxation rate [23]. For 
two-position exchange 

Na + in solution ~ Na + bound (i) 

time dependence of transverse magnetization has the 
form 

M(t)ffiM(O).l~ ! t ~ 2 ' i 1 

where 

Ir2 2 ¢c l I--PN, F_~_PNaX ( ¢ c + ~ )  (3) 
T~ T~ 

and 

Ir2 2 ¢¢ + ¢c 1 I--PNa+.~PNaX( ~ ~ )  (4) 

are rapidly and slowly decreasing components of trans- 
verse magnetization, respectively; T~' = (Av~/2)-i is a 
relaxation time of sodium ions in an aqueous solution; 
X is a quadrupolar constant for 23Na in bound state; eo 
is the resonance frequency of 23Na nucleus; % is the 
correlation time characterizing the fluctuations of an 
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Fig. 1. The shape of 23Na-NMR signals. (A) The signals were 
obtained in the absence (I) and presence (2) of SR vesicles. (B) 
Schematic decomposition into two components of the "-3Na-NMR 
signal in a sample containing SR vesicles. The medium contains 10 
mg SR protein/ml, 10 mM NaCI, I mM EGTA, 50 raM Tris-Mops 

(pH 7.0). 

electric field gradient near a cation-binding site; PN~ is 
a sodium ion portion bound to the membrane 

PNa = [B-Na]/[Na* ] 

where B is the number of binding sites. 
As follows from Eqns. 2-4, the Fourier transform of 

the function of decreasing transverse magnetization in 
time results in a superposition of two Lorentz lines 
with the same resonance frequency and different 
widths. The wide signal corresponds to the value I/T~ 
and the narrow one to the value l /T2 ~. 

Results 

Sodium binding to SR membranes 
The 23Na-NMR spectrum of a NaCI aqueous solu- 

tion is a single Lorentz line with Ap~/2 m 7 Hz at 20 o C 
(Fig. 1A, curve 1). Upon the addition of SR fragments 
to the NaCi sotution the ~Na-NMR spectrum can be 
represented as a superposition of two Lorentz lines 
with various widths and the same resonance frequency 
(Fig. 1B). The time decrease of transverse magnetiza- 
tion is, accordingly, nonexponential in this case and 
consists of rapidly and slowly decreasing components 
with weighting factors of approx. 0.6 and approx. 0.4, 
respectively. This shows that the description of Na + 
behaviour in SR membrane suspension does not con- 
tradict to a two-position model (Eqn. 1). 

We have analyzed the 23Na-NMR lineshape at vari- 
ous concentrations of sodium ions and the constant 
concentration of SR fragments. For a wide signal the 
width Av~/2 varies upon changes of Na + concentration 
and may reach several hundred Hz (Fig. 2). For a 
narrow signal the Al,~/~ value is 10-15 Hz and only 
slightly depends on Na + concentration. 

The dependence of the value on sodium concentra- 
tion being analyzed, the affinity of the cation-binding 
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Fig. 2. Half-width of wide (Ao~/2) and narrow (Aob2) components 
of the 23Na-NMR signal at different Na + concentration. (Inset) The 
dependence of 1/due~ (where does = dv~/2 - du~/2 is proportional 
to Na + portion bound to SR membranes) on Na + concentration in 
the medium. The abscissa intercept corresponds to K d value of 
Na+-binding sites. The ordinate intercept is proportional to Kd/B  
where B is the number of binding sites. Explanation is given in the 

text. Medium composition as in Fig. l. 

site for Na + can be quantitavely evaluated. Indeed, for 
this system in the interval of [Na +] from 5 to 100 mM 
the following condition is to be fulfilled 

PNa ¢K 1 (5) 

Therefore, for evaluating changes in the portion of 
bound ions it is convenient to use the value Ao" x ffi 
Av'l/2 -AP~/2. This value as evidenced by Eqn. 3 un- 
der the condition 5 is proportional to the portion of 
bound ions 

Av¢'~ = [B.Na]/[Na + ] (6) 

On the other hand, the relation Av" x =f([Na+]) is 
hyperbolic (Fig. 2), thus 1/Avex depends on [Na +] 
linearly (Fig. 2, inset). Hence, we have a relation 

Ao" x = B / ( K  + [Na ~ ]) (7) 

or, taking into account Eqn. 6, 

[B. Na]/[Na + ] = B / ( K  + [Na ÷ ]) (8) 

In Eqn. 8, which is analogous to that of Benesi- 
Hildebrand, the parameter K corresponds to the disso- 
ciation constant of sodium binding sites (KdNa) and B 
reflects the number of the binding sites. KdN a and B 
values can be found by reconstruction of the curve on 
Fig. 2 in semi-inverse coordinates (inset in Fig. 2). 

Under these conditions gdN a is equal to 11 mM and 
the B value is, in relative units, 6.8.103 Hz mM per 25 
mg SR protein. The KdN a value is apparent since the 
effect of a proton is not taken into account. In case 
alkaline metals, Ca 2+, or Mg 2+ are present in the 
medium besides H +, the KdN a value is 'double' appar- 
ent and it will be designated differently as KappN a. 

The condition in Eqn. 5 is the primary requirement 
which must be fulfilled for the system to be expressed 
by the Benesi-Hildebrand equation (Eqn. 8). The per- 
centage of the bound Na + (PNa) was independently 
estimated by means of 22Na assay. Using the method of 
membrane precipitation on the nitrocellulose filters it 
was found that the quantity of Na + bound to SR 
membranes did not exceed 15% of the Na + quantity 
nonspecifically bound to the filter with radioactive 
solution (data not shown). In turn, the quantity of 
solution bound to the filter is about 5% of filtered 
radioactive solution. Thus, not more than 0.7-0.8% of 
total Na + is bound to the membranes and the condi- 
tion in Eqn. 5 is fulfilled in a wide range of protein and 
sodium concentrations. At the same time, it is neces- 
sary to note that estimation of the number of Na-bind- 
ing sites on SR membranes by means of the 22Na assay 
is very difficult to carry out. The fact is that the 
systematic errors inherent to the =Na assay (5-7%) 
are commensurable even with the maximal level of the 
useful signal (15%). Thus, as to the signal/noise ratio 
23Na-NMR method is by two orders more sensitive 
than the 22Na assay. 

When SR vesicles are incubated with a non-specific 
proteinase for an hour, the Av:  x value decreases prac- 
tically to the level of the narrow signal component of 
about 20 Hz. For a liposome suspension prepared from 
SR lipids (20 mg/ml)  and at Na + concentrations from 
10 to 80 mM the Av:x value is of the same order of 
magnitude (data not shown). This agrees with the data 
obtained by Papahadjopoulos et ai. [30] who estimated 
the affinity of liposomes from phosphatidyicholine and 
phosphatidylserine mixture to Na + to be very low 
(K d = 1 M). Thus, the Na+-binding sites seem to locate 
on protein components of the SR membranes. 

The addition of 20 / tM calcium ionophore A23187 
or alamethicin (200/tg/ml)  into the medium does not 
change sodium ion binding to SR membranes in the 
presence of other alkaline ions and Ca 2+. Therefore, 
all these ions can interact during the spectrum accumu- 
lation time (5-10 min) with the sites located on both 
sides of the SR membrane. One can not also exclude 
the possibility for the sites to be located only on the 
external membrane side. 

Effects o f  monovalent cations and Ca 2 + on the 23Na- 
N M R  lineshape 

In the presence of K +, Rb +, Cs +, and Li + the Av~x 
value decreases, which corresponds to diminishing in 



the amount of Na + bound to SR membranes. The 
curves of At, i, , dependence on the concentrations of 
monovalent cations (Me +) can be described by a hy- 
perbola and the 1/Az," x dependence on [Me + ] is linear 
(Fig. 3). This is in agreement with a competition model 
for binding sites on the SR membranes. For example, 
the value KaopK is 40 raM. The value of KOK (13 mM, 
a dissociation constant in the absence of Na +) derived 
from the relationship 

r++ K ffi rdg(I + [Na + ]/KoN.) 

does not depend on Na + concentration. In an analo- 
gous way, the K a values for other monovalent cations 
were defined. The K d values increase in a row: 

Na + (10 raM), K + (13 mM), Rb + (30 mM), 

Cs + (70 raM), Li + (120 mM) (9) 

The 23Na-NMR signal is modified by Ca z+ in quite 
a different manner. The form of the curve of Na + 
displacement by Ca 2+ indicates the existence of two 
types of Ca 2+ binding sites on the membranes (Fig. 4). 
This may also indicate the presence of two types of 
Ca2+-sensitive Na+-binding sites. The latter suggestion 
will be further subjected to consideration. Two types of 
sites (affected by Ca 2+ in submicromolar and miilimo- 
lar concentrations) are denoted in this paper as sites I 
and II, respectively. 

Interaction o f  Ca 2 + and Na + with sites 1 
The values of Ca 2+ concentrations required for 

half-maximal inhibition of sodium binding to sites I 
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Fig. 3. Sodium binding to SR membranes (all," x) in the presence of 
alkaline metal ions (Me + ). Linear regression is done in coordinates 
(I/A~'~, [Me + ]). The abscissa intercept is equal to the apparent K o 
value of the corresponding ion. Medium contains 10 ms SR 
protein/ml, 20 mM NaCI, 1 mM EGTA, 50 mM Tris-Mops (pH 7.0). 
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Fig. 4. Effect of Ca 2+ on Na ÷ binding to SR membranes. Medium 

composition as in Fig. 3. 

(Fig. 5A) linearly (with a significance level a equal to 
0.05 according to the X2-criterion) depend on Na + 
concentration in the range from 15 to 80 mM (Fig. 5B), 
this being in agreement with a competitive model. 
Abscissa intercept corresponds to KdN a (14 raM) and 
the ordinate intercept gives Koca (0.16 IzM). As seen 
from the Table, the relative amount of sites 1 does not 
practically vary as [Na +] increases. 

To check a suggestion that Ca 2+ and Na + compete 
for sites l, the binding of 45Ca2+ at submieromolar 
concentrations at various [Na +] was studied. Calcium 
binding to high-affinity sites is inh~ited by increasing 
sodium concentration (Fig. 6A). The Fig. 6B shows the 
dependence of the [Ca2+]t/a value (corresponding to 
Kappc ~) on [Na+]. The Na + concentrations being equal 
to 20 and 40 mM, the [Ca'+]l/2 values were obtained 
by plotting curves 1 and 2 from Fig. 6B in Hill coordi- 
nates. At higher Na + concentrations of 70, 100, and 
150 mM the Scatchard plots were used. It is seen that 
the experimental points are well approximated by a 
linear function. Thus, Ks, obtained as abscissa inter- 
cept equals to 13 raM, and Kdc . obtained as ordinate 
intercept is 0.15 /~M. The Koc, and K0N . values of 
sites I calculated from Na + binding experiments and 
the analogous values of high-affinRy sites calculated 
from the measurements of Ca 2+ binding coincide well 
in pairs. This indicates the identity of sites I and 
high-affinity Ca ,+ binding sites in the SR membranes. 

Interaction o f  Ca 2 + and Na + with sites H 
As noted above, K a of the whole pool of Na+-bind - 

ing sites in a calcium-free medium is about 10 mM. 
Since sites I |  bind 4-5-times more Na + than sites I, 



the constant predominantly reflects the Na + binding to 
sites II (with accurancy not worse than 20%). 

The curve reflecting the dependence KappN a on pCa 
(Fig. 7, curve 1) is biphasic. First, the K~pp increases 
with the increase of [Ca 2+] in micromolar range, then, 
after an outl ining plateau, a further  growth at  submil- 
l imolar concentrations is observed. Increasing K=ppN a 
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Fig. 5. Sodium binding to sites 1. (A) Dependence of a Na + relative 
portion (/tv~x) bound to sites i on pCa at 15 mM (e e), 20 mM 
( o ~ o ) ,  25 mM ( 1 1 - - 1 1 ) ,  40 mM (t3 ra), and 80 
mM (* • )  NaCI. Calcium concentrations providing half-max- 
imal inhibition of Na + binding are marked by the arrows. (B) 
Dependence of Ca 2+ concentrations providing half-maximal inhibi- 
tion of Ha + binding to sites 1 ([Ca2+]1/2) ou Na + concentration. 
Symbols as in Fig. 5A. The ([Ca2+]1/2) values were obtained by 
reconstracting cuples in Fig. 5A in the Hill coordinates. The medium 
contains 10 mg SR protein/ml, 1 mM EGTA, 50 mM Tris-Mo~ 

(pH 7.0). 
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Fig. 6. Passive 45Ca2+ binding to high-affinlty sites on SR mem- 
branes. (A) Calcium binding in the presence of 20 mM (e e), 
40 mM ( o ~ o ) ,  70 mM ( I  ~ II), 100 mM (D ra), 
and 150 mM (A • )  NaCI. (13) Concentrations of Ca 2+ pro- 
viding half-maximal saturation of the high*affinity sites at different 

Na + concentrations. The medium composition as in Fig. 5. 

in the range of 3 0 - 1 0 0 0 / z M  Ca 2+ may result  from the 
competi t ion between Ca 2+ and Na + for sites II. To  
verify this assumption,  curve 1 (Fig. 7) was plot ted  in 
the appropr ia te  coordinates  (KappNa, [Ca2+]) and lin- 
ear  regression in the range [Ca2÷]=  3 0 - 1 0 0 0 / z M  (not 
shown) gave values Kd¢ a = 1.3 mM and KdN a = 23 
mM. However, the hypothesis of this dependence  lin- 
earity having ra ther  low significance level (0.005 < a < 
0.01 according to the X2-criterion), the values Kd¢ a 
and KeN a for sites 1I can be accepted only as a rough 
estimate.  The  relative number  of sites I I  only slightly 
depends  on [Na +] (Table l). 

Calcium at concentrat ions up to 10 / t M  fails to 
compete  with sodium for sites IL The Ca 2+ concentra- 
t ion being varied in this range,  a change in K=ppNa may 
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Fig. 7. Dependence of apparent K a of the Na+-binding sites on pCa 
in the absence (I) and in the presence (2) of deo~cholate. For each 
Ca 2+ concentration KaPPN a was calculated as shown in the inset of 
the Fig. 2. Deoxycholate to SR protein ratio was I : l0 (w/w). 

Medium composition as in Fig. 5. 

be due to an ailosteric effect on sites II  of  bound Ca 2+. 
In the presence of  a de tergent  CI2E 8 (not shown) or  
deoxycholate the marked  increase in the KappN a value 
in the range of  Ca 2+ concentrat ions from 1 to 10 ~ M  
does not take place (Fig. 7, curve 2). 
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Experiments were also performed on 45Ca2+ bind- 
ing to the low-affinity sites on SR vesicles at various 
Na + concentrations (Fig. 8A). The  K~ppca values in- 
crease with [Ca 2+ ] increasing in the medium (Fig. 813). 
Linear regression gives values KdN a z 34 mM and Koc~ 
= 0.7 raM, respectively. It  should be noted, that exper- 
imental points lie on a straight line much worse if 
compared  to the case of  sites I. At  the same time, the 
calculated amount  of  the binding sites varies insignifi- 
cantly (Table 1). 

The  fact that the dependence  KappN~=f([Ca2+]) 
and K~ppC a = f ( [ N a + ] )  are  monotonous but not quite 
linear, may indicate both competition of  Ca 2+ and 
Na + and their  allosteric effects on the binding with low 
affinity of  each other. Thus,  in spite of  close values of 
Kdc ~ (and KdN ~) est imated in the experiments on 
45Ca2+ binding and 23Na-NMR studies we cannot state 

with confidence that sites 11 and low-affinity calcium 
sites are  indentical. 

Interaction o f  sites I and  H with hydrogen ions 
Fig. 9 shows displacing of  Na + from sites 1 by 

calcium ions at various p H  values. The  [Ca2+]t/2 value 
is seen to increase with a decrease in pH.  Since three 
parameters ,  Ca 2+ and proton concentrations as well as 
the amount  of H a  + bound to the membranes  in this 
experiment  change simultaneously, it is hardly possible 
to make a definite conclusion about  the type of  interac- 
tion of  these ions with sites L 

On the other  hand, one  can estimate p K  a values for 
sites II since it is poss~le  to measure  Na+-binding in a 
calcium-free medium.  Fig. 10 (curve 1) shows /h,~ 
variation in a wide p H  range.  As  evidenced from the 
shape of  this curve, the protonation of  chemical groups 

TABLE 1 

Relative amount of  cation-binding sites and cooperatiuity of Ca 2 + binding at different Na + concentration 

[Na + ] Relative Hill Number Hill Relative 
(mM) amount of coeff, of high- coeff, amount 

sites ! a for affinity for high- of sites !I b 
(Hz mM per sites sites affinity (Hz mM per 
25 mg protein) 1 (nmol per sites 25 mg protein) 

mg protein) 

Number 
of low-affi- 
nity sites 
(nmol per 
ms protein) 

15 1540 1.4 - - 5540 - 
20 1680 1.5 8.0 1.7 5 030 250 
25 1520 1.4 - - 5420 - 
40 1430 1.2 7.8 1.5 4850 242 
70 - - 8.3 i c _ 250 
80 1400 1.0 - - 4530 - 

100 - - 7.4 I c _ 268 
150 - - 6.0 I c _ 320 

a The value was calculated as a product of (KdN a +[Na + ]) and a difference between relative amounts of bound Na + (dye) at [Ca 2+ ]= l0 -s  M 
and [Ca2+] = 10 .5 M. 

b The value was calculated as a product of (K,tNa +[Ha + ]) and a difference between relative amounts of bound Ha+(Av~) at [Ca 2+ ]~ 10 -s M 
and [CaZ+ ] -  10 -2 M. 

c The value is close to unity since the experimental curves are easily linearized in the Scutchard plots. 
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Fig. 9. Sodium binding to sites I at various pH. The medium 

composition as in Fig. 5. 

Thus, Na + binding Ca2+-sites of carp parvalbumins 
containing carboxylates have pK a values in the range 
from 4.8 to 6.5 [31] and analogous sites of troponin C 
have two pK a values, 4.6 and 6.0, respectively [32]. 

Thus, sites I and II differ in their sensitivity to pH, 
the pK= value of sites II being lower than that of sites 
I. 

Interaction o f  sites I and H with Mg z + 
Magnesium ions displace Na + from 50 to 70% of 

the binding sites in the presence of both low (Fig. 11, 
curve 2), and high (Fig. 11, curve 1) concentrations of 
calcium. At [Ca 2+] = 10 -5 M high-affinity Ca2+-bind - 
ing sites are saturated and Na + is bound only to sites 
II. The KappM s value obtained by reconstructing curve 

binding in the presence of 20 mM (o o), 40 mM (0 0), r 
70 mM (m m), 100 mM ((3 0), and 150 mM / (1) °\o 

(a &)NaCI. (B)Depend . . . . .  f Ca2+ c°ncentrations pr°vid" 30 t f30° ~ ~ f ~ , ~ , 4 ~ (  3 ing half-maximal saturation of the low-affinity sites on Na + concen- 
tration. The ([Ca 2+ ]n/2) value were obtained by reconstructing curves 
in Fig. 8A. in the Scatchard coordinates. The medium contained 10 

mg protein/ml, 50 mM Tris-Mops (pH 7.0). ) .~, 
2°t- . I" Z \  " P  

tion from the greater part of sites II. As follows from 
Fig. 10 (curve 2), the KappN a increases with [H +] in- ~ 
crease, but the relative amount of sites II is not practi- )f f ~ - - ~  L" 
cally altered (curve 3). It is noteworthy that this amount 
expressed in relative units well coincides with an analo- OL o t . ~ o  ~' 
gous value obtained from Ca 2+ interaction with sites II 
(Table I). The dependence KappN a •f([H+]) seems to  5 7 s 
be power function, that may indicate to the participa- 6 DH 
tion of several similar ionized groups in Na + coordina- Fig. 10. Dependence of sodium binding to SR membranes on pH. 
tion at sites If. The fact that pK a value approximates (Curve 1) The Na + relative portion (Av~) bound to membranes. 

The NaCI concentration was 12 mM. (Curve 2) The K=ppN= value of 
6.0, points to the participation of carboxyl groups and Na+-binding sites. (Curve 3) A relative amount of Na+-binding sites. 
possibly histidine residues in the formation of sites II. The Ca 2+ concentration was 3.10 -8 M. 
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1 in the Hill coordinates is 3-4 mM and the Hill 
coefficient is close to unity. At [Ca 2+] = 10 -8 M, when 
sites I and sites II are both exposed to magnesium ions, 
KavoM s is 5 mM, i.e. only slightly differs from Ka~pM 8 
for sites 1I. The difference between curves 1 and 2 
(curve 3) corresponding to the amount of Na + bound 
to sites I changes with the change in Mg 2+ concentra- 
tion in the range of 10-100 mM. This indicates that 
sites I unlike sites II interact with Mg 2+ very weakly 
(KaI~M s ~ 30 mM). 

D i s c u s s i o n  

The linearity of the (Av')-J =f([Na + ]) dependence 
is observed in a wide range of Na + concentrations 
(4-100 mM). First, the above linearity enables us to 
assume the existence of Na+-binding sites charac- 
terized by the same value of dissociation constant. 
Second, of two possible schemes of Na + interaction 
with binding sites (13) characterized by a single K d 
value 

B + N a  + - [ B - N a ]  

B + nNa + - [B' nNa], n ;~ 2 

it allows ug to choose the first upon analyzing. Conse- 
quently, Na + binds to the corresponding sites in the 
stoichiometric ratio 1 : 1. An analogous conclusion can 
be made from the experiments on displacing Na + from 
the binding sites by other monovalent cations. 

However, the influence of calcium ions on the 
sodium signal revealed two types of sites (I and 11) for 
sodium binding which may differ in their ability to 
interact with calcium. Close K d values for Na + (and 
Ca 2+) obtained by treating Z~Na-NMR data and the 
curves of 4SCa2+ displacing by sodium ions within the 
frame of Benesi-Hildebrand formalism allow us to as- 
sume sodium and calcium (in suhmicromolar concen- 
trations) competition for the same binding sites (sites I) 
in the stoichiometric ratio 1 : 1. In other words, N a  +-  
b i n d i n g  sites 1 are identical to the high-affinity Ca 2+- 
binding sites on Ca2+-ATPase descn'bed previously 
[33-35]. This is confirmed by the fact that the value of 
Ca 2+ concentration providing half-maximal inhibition 
of Na + binding increases from 0.2/zM at pH 7.5 to 0.5 
/zM (pH 7.0) and 7 /zM (pH 6.5). These values are 
close to those obtained in the experiments on the pH 
effects on Ca 2+ saturation of high-affinity sites in SR 
membranes [36]. Besides, practicaly the same degree of 
cooperativity in Ca 2+ binding characterizes both sites 1 
(Table I) and high-affinity sites (Table I; see also [37]). 
The degree of the ccmperativity of Ca2+-binding sites 1 
decreases with an elevation of Ha + concentration which 
resembles the change in the cooperativity of Ca 2+ 
binding to high affinity Ca2+-ATPase sites with a de- 
crease in pH [36,38]. Both the cases can be explained 
by a competitive way of displacement Ca z+ from its 
binding sites by H + and Na +. This displacing of Ca 2+ 
may lead to a disorder in the conformation state of the 
protein which is necessary for exposing cooperative 
properties. 

The greater part of Na+-binding sites, sites 11, is 
modified at high Ca 2+ concentrations. The apparent 
dissociation constant for Na + at pH 7.0 increases from 
20 to 40 mM upon Ca 2+ concentration increase from 
0.01 to 1 raM. On the other hand, K~p value for Ca z+ 
also increases with the increase in Ha + concentration. 
Thus, sites 11 and iow-affinity Ca2+-binding sites are 
interconnected and the saturation of one of them leads 
to changes in cation-binding properties of the other. 
Undoubtedly, the simplest explanation of this mutual 
influence results from an assumption about the identity 
of sites II and low-affinity CaZ+-binding sites. However, 
the analysis of their cation-binding properties per- 
formed within the frame of traditional Benesi- 
Hildebrand construction and showing the nonlinearity 
of the dependence K ~ .  =f([Ca2+]) prevented us 
from finally making such a conclusion. 

The calculated number of sites II is much less than 
the number of low-affinity Ca2+-binding sites. Indeed, 
if sites I are similar to high-affinity Co'+-binding sites, 



their amount should be about 7 nmol/mg SR protein 
(Table I). The number of sites 1 is about 1/3 of that of 
sites II, hence the amount of the latter is 20-25 
nmol/mg SR protein. At the same time the number of 
low-affinity calcium sites affected by sites II is nearly 
250 nmol/mg SR protein. Thus the major part of sites 
II and low-affinity calcium sites should be connected in 
an ailosteric manner. 

It should be noted that when Na + and Ca 2+ inter- 
act with the binding sites of other Ca2+-binding pro- 
teins, both the presence and the absence of the com- 
petitive interaction are abserved. Thus, it is shown for 
parvalbumins and calmodulin and its trypsin fragments 
that Na + and Ca 2+ compete for the Ca2+-binding sites 
[21,20,22]. As established for troponin C and its trypsin 
fragments, Na + and Ca 2+ compete only for low-affin- 
ity Ca2+-binding sites [21]. Sodium binding to high-af- 
finity sites of troponin C is inhibited by Ca 2+ allosteri- 
cally. 

The value of KappN a varies in the presence of Ca 2+ 
at micromolar concentrations. This we believe to be 
due to Ca 2+ binding to some sites possessing a KappC a, 
as roughly estimated from Fig. 7, of 2 to 5 p,M. Being 
far enough from Kappc~ values of sites I (approx. 0.4 
/zM) and sites II (approx. 1 mM), this gap p may 
characterize a new type of sites with intermediate 
affinity to Ca 2+. We failed to detect intermediate-affin- 
ity sites both in ~Na-NMR and 45Ca2+ experiments in 
amounts comparable to that of sites I (high-affinity 
sites). Nevertheless, it is noteworthy that previous data 
[37] indicate as well the existence of a small number of 
the intermediate-affinity sites located on SR mem- 
branes. 

Calcium binding to sites with intermediate affinity 
leads to decreasing the affinity of sites II (which as we 
assume are located on each Ca2+-ATPase molecule) 
for Ha +. According to our data the amount of 'inter- 
mediate' sites is insignificant (evidently, less than 20% 
of sites I or high-affinity sites; in this case they cannot 
be recorded because of scattering in experimental data). 
Therefore one intermediate-affinity site should be 
formed with a participation of several enzyme 
molecules, i.e. it may belong to a Ca2+-ATPase 
oligomer. Other data confirm this conclusion since 
modifying influence of micromolar calcium on sites II 
is removed in the presence of detergents at low con- 
centrations. Under these conditions detergent mole- 
cules are inserted into a lipid SR bilayer causing no 
solubilization of the latter though destroying protein- 
to-protein interaction [39]. 

If rested on the postulate of the existence of two 
type sites for binding monovalent ions, the multiple 
action of monovalent ions on SR functions could be 
explained. Sodium binding to sites I may lead (due to 
Ca 2+ displacement in a competitive manner) only to 
the inhibition of Ca2+-ATPase and Ca 2+ transport 

activities. According to our data, sites II are the only 
candidates on the role of 'activating' sites. In favour of 
this assumption is the fact that sites 1I affinity for the 
different alkaline metal ions (Eqn. 9) changes in the 
same manner as the stimulating rows of the ATPase 
activity, Ca 2+ transport [15,14] and the rate of phos- 
phoprotein decomposition [8]. Besides, sites II, as well 
as 'activating' sites postulated by Ribeiro and Vianna 
[17], could be subdivided into two pools. The sites 
belonging to one of them are not specific for alkaline 
metal ions and interact with Mg 2+. 

As noted above, concentrations of alkaline metal 
ions ensuring Ca2+-ATPase inhibition are considerably 
higher than those activating the enzyme. At the same 
time, K d values of sites I and 1I for sodium are close 
to each other and equal to 10-15 mM. This discrep- 
ancy may be due to the presence of micromolar Ca 2+ 
able under these conditions to interact with the sites I, 
but not with the sites II. In this case, KappN a of,the 
sites I (reflecting the inhibitory constant) increases 
markedly if compared to that for sites II. Conse- 
quently, it should also be expected that in the presence 
of Ca 2+ in the range of 1 to 100 p.M one can not 
observe any inhibition of Ca2+-ATPase activity by alka- 
line metal ions at all. This results, indeed, was obtained 
(in case of K +) by Duggan [15]. 
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