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The calmodulin activation of the (Ca 2+ + Mg2+)-ATPase (ATP phosphohydrolase, EC 3.6.1.3) in human erythro- 
cyte membranes was studied in the range of 1 nM to 40/aM of purified ealmodulin. The apparent calmodulin- 
affinity of the ATPase was strongly dependent on Ca 2+ and decreased approx. 1000-times when the Ca 2+ concen- 
tration was reduced from 112 to 0.5/aM. The data of ealmodulin (Z) activation were analyzed by the aid of a 
kinetic enzyme model which suggests that 1 molecule of calmodulin binds per ATPase unit and that the affinities 
of the ealcium-ealmodulin complexes (Ca~Z) decreases in the order of Ca3Z > Ca4Z > Ca2Z ~> CaZ. Furthermore, 
calmodulin dissociates from the ealrnodulin-saturated Ca2+-ATPase in the range of 10-7-10 -6 M Ca 2+, even at a 
calmodulin concentration of 5/aM. The apparent concentration of ealmodulin in the erythrocyte cytosol was 
determined to be 3 to 5/aM, corresponding to 50-80-times the cellular concentration of Ca2+-ATPase, estimated 
to be approx. 10 nmol/g membrane protein. We therefore conclude that most of the ealmodulin is dissociated 
from the Ca2+-transport ATPase in erythrocytes at the prevailing Ca 2+ concentration (probably 10-7-10 -s M) in 
vivo, and that the calmodulin-binding and subsequent activation of the Ca2+-ATPase requires that the Ca 2+ con- 
centration rises to 10-6-10 -s M. 

Introduction 

The (Ca2÷+ Mg2*)-ATPase, which is part of the 
Ca 2+ pump in erythrocytes [ 1 -6] ,  is stimulated by an 
endogenous protein activator [7-9] .  It has been 
demonstrated that the activator stimulates the ATP- 
ase by Ca2+-dependent binding to the enzyme [10-  
14], and the activator has been shown to be xdentical 
with calmodulin [ 15-17].  

Before this demonstration ~t was shown that, 
depending on the absence or presence of Ca 2÷ during 
membrane preparation, two different types of (Ca 2÷ + 
Mg2÷)-ATPase can be obtained m membranes from 
human erythrocytes [9,18]. The two kmetxc types 
correspond to membrane ATPase deficient in or satu- 
rated with calmodulin [11,19], and it has recently 

Abbreviations. SDS, sodium dodecyl sulfate; HEDTA, N-hy- 
droxyethylethylenediaminetriacetic acid. 

been shown that purified erythrocyte (Ca 2÷ + Mg2+) - 
ATPase shows two similar types of kinetics in the 
absence and presence of calmodulin [6]. 

The two kinetic types of the (Ca 2+ + Mg2+)-ATPase 
have been suggested to reveal the existence of a rest- 
ing and an active state of the Ca2÷-pump in vivo [9, 
19]. However, in the intact erythrocyte the calmodu- 
hn concentratxon is apparently much higher than 
needed for saturation of the ATPase and, therefore, 
the existence of a calmodulin-deficient state of the 
ATPase m vivo has been questioned [20]. 

We have now investigated the influence on the 
membrane-bound (Ca 2+ + Mg2+)-ATPase of calmodu- 
lin in the physiological range of concentrations, and 
we find that calmodulin, even under these conditions, 
dxssoclates from the ATPase when the Ca 2÷ concen- 
tration is lowered to about 10 -7 M, because the 
apparent affinity of calmodulin is drastically reduced 
at low Ca 2+ concentrations. 
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Methods 

Preparatton of erythroeyte membranes. Ghosts 
were prepared from bank blood as described previ- 
ously [9], centrifuging the membrane suspensions in 
a Sorvall continuous-flow device which ensures full 
accesslbihty of the (Ca 2÷ + Mg2÷)-AYPase [21]. Two 
types of membrane were prepared. 

A-membranes. The erythrocytes were hemolyzed 
with 9 vol of a solution containing 6.7 mM sodium 
phosphate and 1.0 mM EGTA, pH 7.4. 

B-membranes. The erythrocytes were hemolyzed 
with a solution containang 6.7 mM sodium phosphate 
and a calcium-nltrllotriacetic acid buffer, pH 7.4. The 
concentration of mnlzed calcium was about 30/aM. 

The hemolysis was succeeded by two washings 
with Trls-HC1 buffer and the membranes were stored 
at -25°C. 

The membrane content of 1 L packed erythro- 
cytes was determined by careful preparation of 
A-membranes, ensuring complete recovery of mem- 
branes by recenmfugatlon of supernatants. 

Purification of calmodulin. Calmoduhn from 
bovine brain was purified by the method of Watter- 
son et al. [22], modified as follows (In part according 
to Gietzen, K., personal communication). Step 1: 
homogenization in 20 mM Tris-HC1/2 mM EDTA, pH 
7.5. Step 2 and 4 precipitation by 60% ammonium 
sulfate, pH 4.0. Step 3 and 6: DEAE-cellulose col- 
umn chromatography (Whatman DE-52) with linear 
salt gradients (50-600 mM and 200-500 mM, 
respectively) in 10 mM lrmdazole-HC1, pH 6.5. Step 5: 
gel filtration performed on an Ultrogel AcA 44 col- 
umn eluted with 50 mM ammonium bicarbonate, pH 
8.5. 

Calmoduhn from bovine brain and human erythro- 
cytes, purified by a modification of the method of 
Jarrett and Penniston [17], was supplied by Dr. Bent 
Knstensen. 

The calmoduhn preparations were homogeneous as 
judged by SDS electrophoresIs m 12% acrylamlde gels 
[231. 

The amounts of calmodulln used for the experi- 
ments were converted to molar concentrations assum- 
Ing 100% purity and a molecular weight of 16 680. 

A TPase assay. The ATPase activity was measured 
at 37°C as ADP production which was linked to oxa- 
dation of NADH and monitored continuously at 366 

nm. The assay medium contained 70 mM Tns-HC1, 
pH 7.2 (determined at 37°C), 1.5 mM ATP, 2.5 mM 
MgC12, 60 mM KC1, 1 mM of either EGTA, HEDTA 
or nitrllotriacetic acid, various concentrations of 
CaC12, 0.1 mM G-strophantln, 2.3 mM phosphoenol- 
pyruvate, 0.45 mM NADH, 90 /ag/ml medium of 

pyruvate klnase/lactate dehydrogenase (3 1, an 50% 
glycerol, Boehrlnger), and unless otherwise stated 
approximately 0.5 mg membrane proteln/ml medium. 
Mg2+-stlmulated ATPase was assayed with 1 mM 
EGTA and no addition of Ca 2÷. Ca2+-ATPase actwaty 
was determined as the difference between (Ca2++ 
MgZ+)-dependent and Mg2*-stlmulated activity and 
expressed as/amol • rain -I per g protein. 

Apparent ealmoduhn concentration m erythro- 
cytes. Cytosol. Supernatant obtained from the first 
centrlfugatlon of A-membranes was heated in a boil- 
ing water bath for 1 rain with stirring, cooled and 
cenmfuged at 100000 × g  for 15 mln at 0-5°C.  The 
amount of supernatant necessary for half-maximum 
activation of the Ca2+-ATPase at 112 /aM Ca 2÷ was 
determined and the apparent calmodulln concentra- 
tion of the cytosol was calculated (see Results and 
Discussion). 

Membranes. The apparent calmoduhn concentra- 
tions of suspensions of A- and B-membranes contain- 
ing approximately 10 mg membrane proteln/ml were 
determined after heat treatment and centrlfugatlon as 
above. 

Contrary to the findings of Khnger et al. [24], we 
detected no reduction of calmoduhn activity due to 
heat treatment when purified bovine calmoduhn was 
added to the cytosol or the membranes. 

Preincubation experiments. B-membranes (5.7 mg 
protein/ml) were prelncubated for 1 h at 37°C In a 
volume of 600/al with about 5/aM bovine brain cal- 
moduhn in the presence of 1 mM MgC12, 50 mM Trls- 
HC1, pH 7.2, 1 mM of either EGTA or HEDTA and 
various concentrations of CaC12. The suspensions 
were cooled and centrifuged at 45 000 × g  for 10 min 
at 0-5°C.  400/al supernatant were removed and the 
membranes resuspended in the remaining superna- 
tant. The preincubated membranes were diluted 1 : 
42 in the ATPase medium containing 0.5 /AVl Ca 2÷, 
and the calcium buffer from the preincubation medi- 
um did not change the Ca 2÷ concentration of the 
assay medium significantly. 

Calcium determination. In all media of preincuba- 



tions and assays the Ca 2÷ concentrations were 
buffered by addxtion of either EGTA, HEDTA or 
nitrilotriacetic acid, and the concentratmns of mnized 
calcmm were measured with a cahbrated calcium- 
selective electrode (Radiometer F2112Ca), as 
described previously [25]. The total calcxum m prep- 
aratmns of membranes and calmodulin (1 -2  mol cal- 
cium per mol calmoduhn), determined by atomic 
absorption spectrophotometry, was taken into 
account in the designing of the calcium buffers, and 
the Ca 2÷ concentrations throughout this investigation 
refer to free mnized calcium. 

Protein determination. Protein was determined 
according to the method of Lowry et al. [26] with 
bovine serum albumin (Sigma) as standard of refer- 
ence. 

Results and Discussion 

Enzyme model 
The Ca2+-dependent activatxon by calmodulin of 

erythrocyte Ca2÷-ATPase may be described shortly by 
a two-step model [2,13,19] : 

Ki 
• 2+ (1) tCa + /Mg2*+Z ~- Ca, MgjZ* 

ggl 
E A + m Ca, Mg/Z* ~ EB(CaiMglZ*)m (2) 

where Z and Z* refer to calmodulin that is non-activ- 
ated and actwated, respectively, EA and E B refer to 
Ca2+-ATPase in A and B state, the binding constants 
are defined as Ki = [CazZ*]/[Ca]i" [Z] and Kz, = 
[EB(CaiZ*)m ] / [ E A ]  " [CaiZ*]  m ( s ince  in th is  inves t i -  

g a t i o n  [Mg] is constant, Mg can be omitted from the 
equations), and m is the number of mol calmoduhn 
binding per mol enzyme. 

Eqn. 2 describes how the binding of calmodulin 
converts the enzyme from A state to B state. It has 
been shown previously [19,27] that the A state is 
characterized by low maximum activity, high affinity 
for ATP (at least at low Ca 2+ concentration), low 
affinities for calcium and monovalent catmns, m con- 
trast with the B state which shows high maximum 
actwlty, both high and low affinities for ATP, and 
high affinities for the cations. 

Assuming that the catalytic effect of all B state 
complexes of enzyme-calmoduhn, irrespective of the 
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value of i (cf. Eqn. 2), can be characteristized by a 
common rate constant, the relatwe activity Ao/AV 
can be defined as 

t=4 

Av/AV = ( ~  [EB(Ca, Z*)m])/([EA] ) 
t=O 

i=4 

+ ~ [EB(CaiZ*)m]) (3) 
i=0 

where Av and AV refer to the differences in enzyme 
activity and maximum activity, respectively, between 
B and A state. Setting ¢1 = ~2igztKm[Ca] mi, where 
Ko = 1, and assuming that when calmodulin binds, 
the m sites on the enzyme are occupied simultane- 
ously (1.e., the binding and activation are strongly 
cooperative), it follows that Z~[EB(CaiZ*)m] = 
¢1 [EA] ' [Z] m, and therefore 

Av/AV = ¢1/([Z1--m + ¢1) (4) 

Setting ¢2 = Zi K~ [Ca] t, the total calmoduhn concen- 
tration (Zt) is Z t =¢2[Z] +m¢I[EA] • [Z] m, and 
since [EA] can be replaced by Et/(1 + ¢1 [z]m), Et 
being the total enzyme concentration, [Z] can be ob- 
tained from Eqn. 5, for instance by iteration" 

[z]m+l + [z]m(mEt-Zt)/¢2 + [Z]/¢I 

--  Z t / ¢ l ¢  2 = 0 (5 )  

In our notation [Z] refers to free calmoduhn, not 
complexed by calcium or enzyme, whereas for 
instance, Jarrett and Kyte's [28] concentrations of 
free calmoduhn should be compared with our ¢2 [Z] 
values, representing all calmodulin species, not com- 
plexed by enzyme. 

At the calmodulin concentration (Z t = Ko.s), cor- 
responding to half-maximum activation of the ATP- 
ase (Ao/AV= 0.5), the expression for Zt, combined 
with Eqn. 4, is converted to 

Ko.s = ¢21(¢1) llm + 0.5 mE t (6) 

where ¢2/(¢01/'~ IS a constant at a fixed Ca 2÷ con- 
centratlon and represents the apparent &ssociatlon 
constant of the enzyme-calmoduhn complex, as 
defined by Jarrett and Kyte [28]. 
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Enzyme concentration 
The activation of  the Ca2+-ATPase by calmodulin 

in the presence of  calcium depends on the concentra- 

tion of  erythrocyte  membrane during assay, as shown 
prevaously [11,28]. Fig. 1A shows that calmodulin 
concentrations needed for half-maximum activation 
Increased when the concentrat ion of  membrane pro- 
teln was raised from 0.12 to 1.45 g/1. Fig. 1B shows 
Ko.s values determined from curves such as those in 
Fig. 1A in dependence on the concentration of  mem- 
brane protein during assay and it appears that,  apart 
from the highest concentration, the points can be 
fi t ted by a hnear regression, in accordance w:th 
Eqn. 6 and previous results [28]. The slope of  the 
hne is simdar to that found by Jarrett  and Kyte [28], 
whereas our intercept ls much lower (2.1 vs. 15.6 
nM). The dev:ation of  the highest membrane concen- 
tration (Fig. 1B) was not eliminated by prolonged 
prelncubatlon of  the membranes m the presence of  

calmoduhn, and the cause of  the deviation is not 
known. 

According to Eqn. 6 an estimate of  the number of  
sites (mEt) can be calculated from the slope of  the 
linear regression m Fig. lB. I f  m is unity, E t is 10 
nmol per g membrane protein. However, it cannot be 
ruled out that other calmodulin-bmdlng sites compete 
with those of  the Ca2+-ATPase. Therefore, the E t 
value obtained from Fig. 1B has to be considered as a 
maximum value of  the Ca2*-ATPase concentrat]on in 
the membrane. Previously, the Ca2+-ATPase concen- 
tration was est]mated to be 1 0 - 2 0  nmol/g membrane 
protein [ 2 8 - 3 0 ] .  

The catalytic unit of  erythrocyte Ca2*-ATPase 
seems to be a ( 1 . 4 - 1 . 5 ) -  l0  s dalton peptide [ 6 , 3 1 -  

34].  I f  human erythrocytes contain approx. 6 .5-  
10 -13 g membrane protein per cell [35,36],  Et = 10 
nmol/g corresponds to approx. 4000 ATPase units 

per red cell. Possibly, a number (n) of  AYPase umts 

30t: 1skB 
Q K05 • 

(nM) I • 
20 ~ o -  

"~ 0 5 

10 0 I I 

0 10 20 30 40 0 0.5 1.0 1.5 
Z t (nM) E t (g/I) 

Fig. IA. Ca2+-stlmulated ATPase activity (Au) VS. total calmodulin concentration (Zt) at various enzyme concentrations, 
expressed as g membrane protem/l:  0.12 (o), 0.24 (e), 0 48 (z~), 0.96 (A) and 1.45 (o). ATPase activity was assayed at 112/aM 
free Ca 2+ as described m Methods and expressed as ~mol  mm -1 per g protein. Activity of  A-membranes without  the addition of  
calmodul, n (mean -+ S.E. of the five determmations: 20.8 -+ 0.4 ~mol • mm -I • g-l)  is subtracted. Single experiment. Fig. lB. The 
calmodulm concentration required for half-maximum actwation (Ko.s) vs. total enzyme concentration (Et) , here expressed as g 
membrane protem/l Two or three experunents as m Fig. 1A. Ko.s values were determined from Hill plots, 1.e., 1og(Au/(AV -- 
AO)) VS. log Z t and the maximum activ]ty (AV) was determined from Lineweaver-Burk plots. The line was obtained by hnear 
regression analysis using membrane concentrations between 0.12 and 0 96 g protein/1 (y = 5.1 - x + 2.1, r = 0.956). E t was deter- 
mined from the slope to 10.2 nmol Ca2+-ATPase/g membrane protein (see Results and Discussion). 



are assembled in an oligomeric enzyme molecule, 

whereby the number of pump copies are reduced by a 

factor of n. The maximum ATPase actwity of 60 
/amol • mm -1 per g protein (see Table II) corresponds 

to a turnover number of approx. 6000/min per ATP- 

ase unit.  

Calmodulin activation dependent on Ca 2+ concentra- 
tion 

Fig. 2A shows the Ca2*-ATPase actwity m depen- 

dence on the concentration of calmodulin during 

assay at various Ca 2* concentrations (0 .5-17/aM).  It 

is noticed that the AV values at saturating calmoduhn 

concentration (Zt) depend on the Ca 2* concentration. 
Therefore, it has to be assumed that Ca 2*, besides its 

effect wa calmodulin, activates the ATPase vm Ca 2* 

sites located on the enzyme molecule itself, as sug- 

gested previously [19]. 
Fig. 2B shows that the concentration of calmodu- 

lin required for half-maxmmm activation (Ko.s) 
increases from about 5 nM at high Ca 2. concentration 
(10 -4 M, cf. Fig. 1A) to approx. 2000 nM at low Ca 2* 
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(5 • 10 -7 M). The last Ko.s value is uncertain because 
in the presence of 5 • 10-TM Ca 2÷ the enzyme was 

not saturated even in the presence of 42.5 pM cal- 
modulin, and therefore the determination of the V 
value was uncertain. 

Similar changes of Ko.s values with decreasing 
Ca 2÷ concentration were found with membranes from 

three different blood specimens, with bowne brain 
calmodulin purified by a different method (see Meth- 

ods), and with purified erythrocyte calmoduhn. The 

Ko.s value of erythrocyte calmodulin was 5.9 nM at 

112/aM Ca 2÷, compared to 5.3 + 0.5 nM (S.E., n = 7) 
for bowne brain calmodulin. 

Roufogalis and Mauldin [37] also found that more 

bovine brain calmodulin was needed to saturate the 
(Ca 2÷ + Mg2÷)-ATPase activity at low Ca 2÷ concentra- 

tions than at high Ca 2÷ concentratmns, but Ko.s val- 

ues were ~aot calculated. 

The low apparent affimty for calmodulin was not 
due to reduced accessibihty of the membrane-bound 

enzyme, since Ca2+-ATPase solubilized by Triton 
X-100 (see Ref. 27) exhibited the same low affinity 

60 

~! 40 

20 

m A ~ 1 7 4  K0.5 
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I I I I 

10 102 105 10 3 10 4 
Zt(nM) 
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11o. 7 lO. 6 10. 5 10-4 

[Co 2÷] (M) 

Fig. 2A. Ca2+-stimulated ATPase activity (v) vs. total calmodulin concentration (Zt) at various free Ca 2+ concentrations during 
assay. Single experiment. K0. 5 values were determined as m Fig. 1B and the following values were obtained: 6.6, 18.2, 68,332 
and 2000 nM calmodulin at 17.4, 5.6, 2.2, 0.9 and 0.5 /IM Ca 2+, respectwely. The curves are calculated by using the enzyme 
model described tn Results and Discussion. Fig. 2B. The calmodulin concentration requtted for half-maximum actwatlon (K0. 5) 
vs. free Ca 2÷ concentration during assay. Same experiment as m Fig. 2A. Dashed curves (2, 3 and 4) are calculated from the 
enzyme model (see Results and Discussion), assuming that the only activating calcium-calmodulin complex is. Ca2Z (2), Ca3Z (3) 
and Ca4Z (4). The binding constants (nM -1) were KZ2 = 5.2, KZ3 = 1.3 and KZ4 = 0.5, respectwely. The sohd curve (1-4) is cal- 
culated, using the binding constants (riM -1) KZO = 0, KZ1 = 0.0007, KZ2 = 0.042, KZ3 = 0.72 and KZ4 = 0.22 Further, m all 
curves the following parameters (see Results and Dzscussion) were used: K 0 = 1, K t = 1.9 l0 s M - l ,  K 2 = 4 0 101° M -2, K 3 = 
1.6 • 1015 M - 3 , K 4  = 4.2 • 1019 M4,Et  = 5 nmol/1 medium and m = 1. 
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for calmoduhn (not shown) at this C a  2+ concentra- 
non (5 10 -7 M) 

The curves shown m Fig. 2B are calculated by the 
use of Eqn 6. Values of ¢2, corresponding to the &f- 
ferent Ca 2÷ concentrations, have been calculated from 
Ka = a l  • a2 ' ' • a t ,  where the a~ values are the macro- 
scopic binding constants for calclum-calmodulin com- 
plexes at 3 mM Mg 2+ found by Crouch and Klee [38]. 
Similar a~ values have been reported recently by 
Huang et al. [39]. Different values of ¢1 have been 
calculated, assuming that rather one or several of the 
possible calcIum-calmodulin complexes bind to and 
activate the CaZ+-ATPase (cf. Eqn. 2). By using the E t 
value obtained from Figs. 1A and B, and by setting 
m = 1, K0.s curves corresponding to activation by 
either Ca2Z, CaaZ o r  Ca4 z were calculated (Fig. 2B, 
curves 2, 3 and 4) The best fit (curve 1-4),  however, 
was obtained by assuming that all of the calcium- 
binding calmodulin complexes actwate, and that the 
binding constants Kz4, Kz3 , Kz2, Kzl  and Kz0 (cf. 
Eqn. 2) are related to each other as 0.3, 1.0, 0.06, 
0.001 and zero, respectively. The value of unity corre- 
sponds to a dissociation constant (1/Kz3) of 1.4 nM. 

The parameters used for calculation of curve 1 -4  
(Fig. 2B) were also xnserted in Eqns. 4 and 5 and used 
for calculation of the curves in Fig. 2A The calcu- 
lated values of A v / A V  were combined with values of 
AV and v A (actwlty of A-state ATPase without addl- 
tmn of calmoduhn) obtained from the experiments m 
Fig 2A (v = v A + Av). It appears from Fig. 2A that 
the enzyme model fits the results reasonably well 
Corresponding curves were calculated, setting m = 2. 
These curves, however, were much steeper (not 
shown) and did not fit the results. 

Therefore, it is concluded from our results m com- 
binanon with the used enzyme model that m IS unity, 
i .e, that only one molecule of calmoduhn binds per 
ATPase unit. Furthermore, it is concluded that the 
affinities of the calcmm-calmodulin complexes 
decrease in the order of CasZ > Ca4Z > Ca2Z >> CaZ, 
and the model lmphes that the activating effect of all 
complexes is the same because of the common rate 
constant (cf. enzyme model). Obviously, these con- 
clusmns have to be modified ff it turns out that the 
enzyme model presented IS too stmphfied, or that the 
membrane preparations contain a considerable 
amount of other calmoduhn-binding sites, competing 
with those of the Ca2+-ATPase. 

Previously it was suggested [19] that the CaaZ 
complex binds to the ATPase without activating the 
enzyme because calmodulin does not activate at high 
Ca 2÷ concentrations at the usual assay con&tions (cf. 
Fig. 3). However, recent experiments have shown 
[27] that higher ATP concentrations (10-15 raM) 
counteract the inhibitory effect of high concentra- 
tions of free ionized calcium (measured m the pres- 
ence of ATP) on the calmoduhn-saturated B-state 
ATPase. This suggests that at lower ATP concentra- 
tions the high Ca 2÷ concentrations inhibit via sites 
located on the enzyme molecule. The effect of the 
somewhat lower affinity of Ca4Z compared to Ca3Z, 
predicted by the enzyme model, is counteracted by 
the higher Ca4Z fraction of total calmodulm. For 
instance, the binding constants for the calcmm-cal- 
modulin complexes [38,39] imply that with increas- 
ing Ca 2+ concentration the Ca3Z fraction maximally 
attains one third of total calmodulin (at 50/aM Ca2+), 
whereas the Ca4Z-fractlon Increases from 50% at 50 
/IM to 95% at 0.5-1.0 mM Ca 2÷. 

In contrast to the erythrocyte Ca2+-ATPase, both 
cyclic AMP phosphodlesterase from brain [39] and 
myosin hght chain kmase [40] seem to be activated 
only by the Ca~+-calmoduhn complex (Ca4Z). Kinetic 
analyses of our results from Fig. 2A according to the 
methods used by Huang et al. [39] and Blumenthal 
and Stull [40] suggest that, besides Ca4Z, at least 
Ca3Z and Ca2Z are Involved m the actwanon of Ca 2+- 
ATPase, m agreement with the kmehc analysis above 
and with the suggestions made by Vincenzi et al. 
[201. 

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

In order to compare the results obtained m vxtro 
with the conditions in the intact cell we have mea- 
sured the content of calrnoduhn m erythrocytes. 

Heated cytosol preparations from washed and 
packed erythrocytes (see Methods), obtained from 
three donors or from four different bank blood speci- 
mens, were able to activate membrane-bound Ca 2÷- 
ATPase, and the amount of cytosol preparation 
needed for half-maximum activation of the Ca2+-ATP- 
ase was related to Ko.s values of calmodulin m experi- 
ments such as those of Fig. IA. Assuming that only 
the calmodulin m the cytosol preparations was 
responsible for the actwatlon of the Ca2+-ATPase, the 
apparent concentratmns of calmodulin m the erythro- 



cyte cytosol could now be calculated (Table I). The 
apparent concentrations of calmodulin were found to 
be 3 to 5/zmol[1 packed cells. The differences 
between fresh blood and bank blood were not signifi- 
cant. The concentrations of calmodulin have earher 
been reported to be 2 to 7/2mol/1 cells [ 17,20]. 

These results suggest that the Ca2*-transport ATP- 
ase in erythrocytes is not saturated w~th calmoduhn 
when the concentration of ionized calcium is below 
10 -6 M (see Fig. 2A). 

Comparison of  A- and B-membranes 
The results above were obtained with purified cal- 

moduhn and erythrocyte membranes from which cal- 
modulln was partly removed (A-membranes). In order 

to test whether the properties of the brain calmodulin 
and the A-membranes were changed due to the prepa- 
ration procedures, their properties were compared with 
those of erythrocyte membranes which have kept the 
native erythrocyte calmodulin bound throughout the 
whole preparation procedure (B-membranes). 

It has been shown that heat-treatment of erythro- 
cyte membranes releases bound calmoduhn [13]. By 
comparing the activating effect on the Ca2+-ATPase 
of the supernatant from membrane suspensions which 
were heated and then centrifuged (cf. Methods)with 
the effect of calmodulin (see above) the apparent cal- 
moduhn concentration of the two different mem- 
brane preparations could be determined (Table I). 

It appears that the difference of calmodulin con- 

TABLE I 

APPARENT CALMODULIN CONCENTRATION IN ERY- 
THROCYTES 

The apparent concentrations are shown as mean ± S.E., 
tested by Student's t-test, and they refer to the activating 
effect of heat-treated cytosol and membrane preparations on 
the Ca2÷-ATPase, compared with the KO. 5 value of purified 
calmodulin assayed at 112 ~tM free Ca ~" and 0.5 g/1 mem- 
brane protein (see text). 

Material Apparent Significance 
concentration 

Cytosol (wmol/1 cells) 
Fresh blood 4.5 ± 0 2 (3) - 
Bank blood 3.9 ± 0 4 (4) P > 0.2 

Membranes (nmol/g protem) 
EGTA-hemolyzed (A) 4 6 -* 0.2 (4) - 
Ca2+-hemolyzed (B) 25 ± 3 (4) P < 0.001 
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tent between B- and A-membranes is 20 nmol/g, 
which exceeds the apparent enzyme concentration 
(Et) found above. Further experiments must show 
whether the apparent excess of calmodulin-bmding 
sites is real. Extra sites do not necessarily compete 
with the Ca2*-ATPase for calmodulin at our experi- 
mental conditions. 

The value of residual calmodulin in A-membranes 
(5 nmol/g) is lower than those reported by other 
authors who found 9 to 24 nmol/g protein [13,24, 
41], whereas the value of B-membranes (25 nmol/g) 
agrees with the value of 28 nmol/g found by Niggli et 
al. [14]. Klinger et al. [24] also found that the cal- 
moduhn-content of B-membranes was 5-times that of 
A-membranes, but their values were 2.5-times as high 
as our values. 

In accordance with earlier results [9,18] the two 
membrane preparations which differ with respect to 
calmodulin content (Table I) showed different Ca 2+- 
sensitivities and maximum activities (Fig. 3 and Table 
II). Furthermore, it appears from Fig. 3 that the cal- 
moduhn-deficient A-membranes in the presence of 

O 

_ 

"~- / 

p 

• _ A . . ~  v I I I I 
0 7 - - - 6  5 4 3 2 

- tog [Co 2*] (M) 

Fig. 3. Ca2+-stimu]ated ATPase actwlty (u) vs. free Ca 2+ con- 
centration d u r ~  assay. The symbols refer to A-membranes 
(e, 2 experiments with different blood specimens), A-mem- 
branes and 4/JM bovine brain calmodu]in (o, 2 experiments 
with different blood specimens) and B-membranes ( -  - - ,  
curve based on 8 different blood specimens). 
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TABLE 1I 

CaZ+-ATPase ACTIVITY OF A- AND B-MEMBRANES 

Experiments from Fig. 3 The values are shown as mean f S.E. The maximum act]vlty (V) was determined from Lmeweaver-Burk 
plots The Ca 2+ concentrations needed for half-maximum stimulation (KCa) was determined from Hdl plots; 1.e., log(v/(V - v)) 
vs. log[Ca2+], and n H refers to the slope of the Hill plot. 

Membranes  Numberofexperiments V(~mol.mm-tperg) KCa(~M) n H 

A 2 21±2 32 ±1 07±0 .0  
B 8 59±2 1.1±0.1 16±0.1 
A+4~Mcalmoduhn 2 68±5 0 .9±00  27±0.1 

4/aM brain calmodulin during assay showed a Ca 2÷- 

activation curve that is nearly identical with that of 
B-membranes. This result indicates that the different 
procedures &d not change the membrane Ca2+-ATP - 

ase or the calmoduhns. Moreover, the results suggest 

that the B-membranes are well suited for an examina- 
tion of the dissociation of calmoduhn from the Ca z÷- 

ATPase. 
It has been suggested that cellular peptldes other 

than calmoduhn participate m the Ca2+-dependent 

activation of the erythrocyte Ca2+-ATPase [42] 
However, it appears from Fig. 3 and Table II that the 

purified brain calmoduhn activates the Ca2+-ATPase 

m the calmoduhn-deflcient A-membranes to a level 
that is slmdar to the Ca2*-dependent activity of 

B-membranes which have preserved much more of the 
original erythrocyte protein actwator in the bound 
state. This suggests that calmodulin is the principal 
protein activator of the Ca2*-ATPase. 

Dissociation o f  calmodulin dependent on Ca 2+ con- 

¢elltratlOtl 

Premcubation of B-membranes, 1.e,, membranes 
virtually saturated with calmoduhn (cf. Fig. 3), m 
the presence of about 5/aM calmoduhn and at Ca 2+ 
concentrations ranging from 1 0 - 8 - 1 0 - 3 M  resulted 

m membranes whxch showed different Ca2+-ATPase 
activities when assayed (Fig. 4). The concentration 
of B-membranes during premcubatlon was approx 
6 g protein per L medium which is equal to the 
amount of membrane protein m 1 L packed ery- 

throcytes, determined to be 6 g/1 (cf Methods). By 
transfer from premcubation to ATPase assay the 
membranes and the calmodulin was diluted 42-times. 
At the resulting concentration (about 100 nM) cal- 

modulin binds rapidly to the ATPase at high Ca 2+ 
concentration. It has previously been shown [4,11, 

19,20] that the binding of the calmoduhn to the 
Ca2*-ATPase occurs much more slowly at low Ca 2÷ 
concentrations. Therefore, the lmtlal ATPase activity 
was assayed at low Ca 2÷ concentration (5 • 10 -7 M), 

and the re-binding, if any, of calmoduhn during assay 
was considered by subtracting the imtial ATPase 

activity of calmodulin-deficient membranes (A-mem- 
branes), assayed in the presence of 114 nM calmodu- 
hn and 5 • 10 -7 M Ca 2*. 

It appears from Fig. 4 that preincubatlon of the 

1.0 

Vret 

0 . 5  

I I I I 
7 6 5 4 

- tog [Co 2+] 

-¢ 

I 
3 

(M) 

Fig 4. Effect of preincubatlon at physiological calmoduhn 
concentration and different free Ca 2+ concentrations on rela- 
tive Ca2+-stlmulated ATPase activity (Ure 1) of B-membranes 
B-membranes, preincubated at various Ca 2+ concentrations 
and 5 tzM calmodulm as described m Methods, were assayed 
at 114 nM calmoduhn arising from the pretreated B-mem- 
branes, and 0.5 ~tM Ca 2+. Vrel = 0 IS the actwlty of A-mem- 
branes at 05 /aM Ca 2+ and 114 nM calmodulin (5.1 gmol 
ram-1 g-l) and Ore I = 1.0 IS 16.4 /smol • mm -1 g-1 Data 
points are the mean ± S E of three determinations 
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calmodulln-saturated B-membranes at Ca2+-concentra - 
tions below 4 . 1 0  -7 M (- log[Ca 2+] = 6.4) reduces 
their Ca2+-ATPase activities to a level shghtly above 
the level of  the calmodulln-deficlent A-membranes, 
1.e., the calmodulin dissociates from the Ca2+-ATPase 
at low Ca 2+ concentratmns even when the concentra- 
tion of  calmodulin (5/2mol/1 medium) is 80-times 
that of  Ca2+-ATPase (approx. 60 nmol/1 medium). 

The Ca2+-ATPase was not denatured during the 
preincubatlon, since maximum actiwty could be 
recovered by raising the Ca 2+ concentration during 
assay due to the re-binding of  calmoduhn. 

The enzyme model, together with the binding con- 
stants used in curve 1 - 4  from Fig. 2B, predicted that 
the Vre! curve in Fig. 4 should be displaced approx. 
0.4 abscissa units to the left of  the curve shown. Pos- 
sibly the discrepancy may be explained by deviating 
binding kinetics at high membrane concentrations in 
vitro (cf. Fig. 1 B) 

Binding of  calmodulin to Ca2+-A TPase in the intact 
cell 

A cytosohc calmoduhn concentratmn of 3-5/AVl 
(cf. Table I) implies that the mol ratm of  calmodulin/ 
Ca2+-ATPase is 5 0 - 8 0  in erythrocytes. Nevertheless, 
at the prevailing Ca 2+ concentration in erythrocytes, 
which is probably about 10-TM or lower [43,44], 
the results above suggest that most of  the calmodulin 
is dissociated from the Ca2+-ATPase. This suggests 
further that the Ca2+-transport ATPase m vivo is 
mainly m the calmoduhn-dissociated A-state which 
may represent a resting state of  the Ca2+-pump, as 
suggested previously [9,11 ]. 

Apparently, the binding of  calmoduhn to the ATP- 
ase, resulting In the shift from A to B state (cf. 
Fig. 3), requires that the intracellular Ca 2+ concentra- 
tion raises to 10-6-10  -s M (cf. Fig. 4). 

The possible existence of  a resting state of  the 
Ca 2+ pump in plasma membranes is interesting 
because the reactions between calmodulin and 
enzyme (Eqn. 2) seem to occur slowly, as demon- 
strated m vitro for erythrocyte Ca2+-ATPase [4,11, 
19,20] and also for the reaction with purified cyclic 
nucleotlde phosphodlesterase from brain (Wang and 
coworkers, see Ref. 46). A slow recombination of  
calmoduhn and enzyme implies that in the case of  an 
mltlated Ca 2+ influx into the red cell some time 
elapses (several seconds or even minutes) before the 

Ca 2+ pump is activated by the Ca2+-dependent bind- 
mg of  calmoduhn. The activated Ca2+-ATPase pumps 
out Ca 2+ and reestablishes the low cytosolic Ca 2+ 
concentration. The subsequent dissociation of  calmo- 
dulin seems also to be slow, but the rate of  dissocia- 
tion in vitro has been shown to increase concurrently 
with decreasing Ca 2÷ concentrations [19]. The whole 
reaction constitutes a Ca 2÷ signal of  a certain duratmn 
(cf. Ref. 11), allowing the actlvatxon of  other Ca 2+- 
dependent cellular reactions. 

Furthermore, the existence of  a resting or ground 
state of  the Ca 2÷ pump with strongly reduced pump- 
ing activity and low Ca 2÷ sensitivity, combined with a 
low rate of  passive Ca 2÷ Influx in the resting cell, may 
imply a higher mtracellular concentration of  ionized 
calcium than expected in the case of a Ca 2÷ pump 
that, as suggested by Lew and Ferrelra [45], perma- 
nently exhibits high Ca 2÷ sensitivxty. 

Finally, the existence of a calmoduhn-deficient 
state m vivo may increase the positive cooperatwlty 
of  the Ca 2÷ activation of the Ca 2÷ pump, 1.e., the 
activation occurs within a narrow range of Ca 2÷ con- 
centrations. 
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