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ABSTRACT The effect of Ca2+ and calmodulin on (CaM)
on the activation of Ca2+-dependent Mg2+-activated ATPase
(Ca2+,Mg2+-ATPase; ATP phosphohydrolase, EC 3.6.1.3) has
been carried out because of the finding that the CaM dependence
of the activation varies with the concentration of free Ca2+, sim-
ilarly to brain phosphodiesterase and adenylate cyclase. The study
was carried out in the absence of chelating agents because they
strongly interfere in the enzyme kinetics. Three main conclusions
can be drawn (i) CaM Ca3 and CaM-Ca4 together are the bio-
chemically active species in vitro. (ii) These species bind in. a non-
cooperative way to the CaM-binding site of the enzyme with a
dissociation constant of 6 x 10-10 M or 1.1 X 10-8 M, depending
on whether Ca?+ saturates the substrate binding site ofthe enzyme
or not. (iii) The binding ofCaM-Ca3 to the enzyme lowers the dis-
sociation constant of the enzyme for Ca2+ at the substrate binding
site from 51.5 to 2.8 pM. Contrary to general belief, CaM does
not induce pronounced positive cooperativity in the binding of
Ca2+ to the enzyme. Such a cooperativity is seen only when the
enzyme is incompletely saturated with the activator, but it dis-
appears in the presence of saturating concentrations of CaM-Ca3.
The rate equation proposed here accurately predicts the extent
of enzyme activation over a wide range ofCa2+ and CaM concen-
trations. In healthy erythrocytes the concentrations of Ca2+ and
CaM are such that the Ca pump works with a minimal dissipation
of energy, but a small increase in the intracellular Ca2+ concen-
tration leads to a strong amplification of the pumping activity.

Human erythrocytes keep their intracellular Ca2' concentra-
tion below 0.25 pM (1). Homeostasis is maintained by low Ca2'
permeability of the membranes (2), chelation of Ca2" by intra-
cellular binding sites (3), and extrusion by an ATP-driven Ca
pump (4). Ofthese three components, only the Ca pump is sub-
ject to feed-forward regulation-i.e., the increase in free Ca2+
concentration accelerates the Ca pump not only by substrate
regulation but also by switching on the activator calmodulin
(CaM) (5, 6). Hence, the Ca2e-dependent Mg2+-activated ATP-
ase (Ca2 ,Mg2+-ATPase; ATP phosphohydrolase, EC 3.6.1.3),
which is the enzymatic expression of this pump, is stimulated
by Ca2+ in two ways: at the CaM-binding site and at the catalytic
site, which will subsequently be called "substrate Ca-binding
site. "

The activation of-the enzyme by CaM is characterized by two
sequential steps. First, at increasing concentrations of Ca2+, the
distribution of the species CaM-Ca1, CaM-Ca2, CaM-Ca3, and
CaM-Ca4 shifts to the more saturated forms. At saturation of a
critical number of sites, CaM undergoes a conformational
change and becomes a biologically active species, named
"CaM*Ca,." In the case of activation ofbovine brain phospho-

diesterase (7) and adenylate cyclase (8), CaM-Ca3 and CaM-Ca4
are the active species. Second, CaM*Ca. forms a ternary com-
plex with Ca2, Mg2"-ATPase, which activates the latter by in-
creasing the maximal velocity as well as the affinity of Ca2" for
the substrate Ca-binding site of the enzyme (9-15). Not only
does CaM decrease the Km, of the enzyme for Ca2" but appar-
ently it also induces a markedpositive cooperativity in the bind-
ing of Ca2" to the substrate binding site (9, 16). Qualitatively,
CaM shifts the enzyme from a slow ATP-hydrolyzing state to
a fast hydrolyzing one.
No quantitative picture of the activation of erythrocyte

Ca2+,Mg2+-ATPase by CaM has been presented so far, for the
following reasons. (i) Most studies were carried out in the pres-
ence of organic Ca chelators such as EGTA and N-(2-hydroxy-
ethyl)ethylenediamine-N,N',N'-triacetic acid (HEDTA). At
millimolar concentrations, CaEGTA lowers the dissociation
constant ofthe enzyme for Ca2+ to submicromolar values in the
presence as well as in the absence ofCaM (17) and prevents a
quantitative analysis. (ii) The CaM*Ca, species that is involved
in the equilibrium reaction that activates the enzyme had not
been identified unambiguously. (iii) The increase in affinity and
the apparent induction of positive cooperativity of Ca binding
to the substrate site of the enzyme upon addition of CaM had
not been studied in the presence of saturating levels of
CaM*Ca.
The purpose of this work was to identify, without the use of

organic Ca-chelating buffers, the active CaM*Ca, species and
to determine its affinity for the Ca2',Mg2+-ATPase. Our aim
also was to determine the affinity ofCa2+ for the substrate bind-
ing site ofthe enzyme in the presence and absence of saturating
levels of the active CaM*Ca, species and to provide a quanti-
tative picture for the activation ofthe enzyme by Ca2+ and CaM.

EXPERIMENTAL PROCEDURES
Erythrocyte Membrane Preparation. Fresh human blood

was collected in acid/citrate/dextrose solution. The erythro-
cytes were spun down and washed four. times by centrifugation
at 400 x g for 5 min in 0.15 M NaCl. Hemolysis was induced
by diluting the packed cells in 10 vol of 15.3 mM Tris-HCl, pH
7.5/1 mM EGTA with stirring. After 5 min on ice, the mem-
branes were centrifuged at 25,000 X g for 40 min and the hemo-
lysate as well as a white firmly attached pellet ["whitish button"
(18)] were carefully removed. The membranes were washed
twice in the same buffer.

In order to improve the activability by CaM (18)-i.e., to
decrease the content of Ca2+-independent Mg2e-activated
Abbreviations: CaM, calmodulin; Ca2+,Mge+-ATPase, Ca2+-dependent
Mg2e-activated ATPase.
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ATPases-the membrane pellet was resuspended in 1 mM
Tris HCI, pH 8.0/0.1 mM K2EDTA, incubated at 370C for 20
min, and centrifuged at 40,000 X g for 20 min. The pellet was
repeatedly washed with sucrose solutions as described by Jar-
rett and Kyte (19). This ATPase activity was <a1% of that of
Ca2+,Mg2+-ATPase in the absence of Cam. The content of en-
dogenous CaM was assayed by the phosphodiesterase method'
(7) on a sample of erythrocyte membranes that had been heated
previously for 2 min at 1000C and clarified by centrifugation.
The membranes contained 43 ng ofCaM'per mg ofprotein. This
corresponds to 0.1 nM endogenous CaM in the enzyme assay,
which is negligible for the type of studies presented under Re-
sults. After addition of glycerol to a final concentration of 50%
(vol/vol), the suspension (2.5 mg of membrane proteins per ml)'
was stored at -20TC. The Ca2+,Mg2+-ATPase activity and ac-
tivability by CaM. were unaffected over a period of 6 months.

Ca2+,Mg2e-ATPase Activity. The Ca2',Mg2+-ATPase activ-
ity was measured by means ofa coupled enzyme assay (20), the
sensitivity of which was greatly increased by an adaptation to
fluorescence photometry. The medium (final volume, 200 Al)
contained-30 mM imidazole'HCl (pH 70), 120 mM KCI, 4mM
MgCl2, ouabain at 0.1 mg/ml, 0.94 mM phosphoenolpyruvate,
0.3 mM' NADH, lactate dehydrogenase at 10 Aug/ml, pyruvate
kinase at 20 jug/ml, 2 ,uM ionophore A 23187, bovine serum
albumin at 0.2 mg/ml, =50 tug of erythrocyte membrane pro-
teins per ml, and the indicated concentrations of metal-free
bovine brain CaM and of Ca2+. After preincubation for 20 min
the reaction was started by addition of ATP to a final concen-
tration of 1 mM. The samples were incubated for 60 min at 37TC
with continuous stirring and. the reaction was stopped by ad-
dition of 50 ,td of a "stop" solution containing 1 M HCI and 140
mM MgCl2.
The amount ofNAD formed was measured by a fluorescence

photometric method modified from that described by Traut-
schold et aL (21). After addition ofthe stop solution, the reaction
mixture was kept for 20'min at room temperature to destroy
nonconverted NADH. Then, 250 ,ul of 12 M NaOH was added
and the mixture was incubated for 30 min at 37C to develop
the fluorescent products. The solution was diluted 1:20 with
water and cleared by centrifugation. The emissionfluorescence
was measured at 470 nm (excitation at 365 nm) on a Baird Atomic
FC 100 spectrofluorimeter and compared to a standard solution
of 50 ILM NAD treated with the stop and alkaline solutions as
above. Appropriate blank values, obtained in the absence of
CaM or Ca2O, were subtracted.

Determination of Free Ca2+ Concentrations and Distribu-
tion of the CaM'CaO' Species. After the incubation period, the
reaction mixture was centrifuged at 35,000 X g for 10 min and
total Ca in the supernatant was measured by atomic absorption
with Titrisol standards (Merck, Darmstadt, West Germany).
The presence of the ionophore A 23187 prevented the seques-
tration of Ca2O inside the membrane vesicles and kept the free
Ca2+ concentrations constant, even at levels as low as 4 ,uM free
Ca2+. The latter were calculated iteratively with a computer
program (7), taking into account the interactions of H+, Ca2+,
Mg2+, and K+ with ATP and CaM. For these calculations, the
association constants of Donaldson and Kerrick (22) were used
for complexes ofCa2,Mg2e, andK with ATP, and those ofCox
et aL (7) were used for complexes of Ca2+ with Cam. A control'
experiment was carried out in the enzyme incubation medium'
at various concentrations of total Ca2+ by means of a Ca-selec-
tive electrode (IS 561, Philips, Eindhoven, Netherlands);, the
measured values of free Ca2+ concentrations agreed within less
than 5% with the calculated ones. The distribution of the four
complex-species CaM Cal, CaM*Ca2, CaM-Ca, and CaM-Ca4
as a function of free Ca2+ was calculated as described (7).

RESULTS
A prerequisite for a quantitative analysis of the activation of
Ca2+,Mg2+-ATPase by Ca2+ and CaM is that CaM does not sig-
nificantly change the Michaelis constant ofthe enzyme for ATP.
In the range 10-100 ,uM free Ca2+, the Km for ATP, determined
in triplicate, was 48 uM ± 5 (mean ± SEM) in.the presence
of CaM and 41 ILM ± 8 in its absence, in both cases with no
cooperativity. A slight decrease in affinity in the presence. of
CaM was noticed by Scharff and Foder (9) and by Waisman et
at (13). In order to overcome possible problems arising from
small variations ofKm, the Ca2+,Mg2+-ATPase assay was always
carried out in the presence of excess ATP (1 mM).
The quantitative analysis is based on the assumption that the

initial velocity, vi, results from an enzyme that hydrolyzes ATP
through two different pathways, depending on whether CaM
is present or not (11). The.kinetic scheme is as follows:

Ca2+
E Ca-E

CaM*Can\J Ka. CaM*Can\J 'Kc

E-CaM*Can : E-Ca-CaM*Ca,
Ka
TC

vo
> products

Va
> products

where E is free Ca2",Mg2+-ATPase (i.e., free of Ca2" and of
CaM*Ca. in its catalytic and'regulatory sites, respectively); Va
and VO correspond' to the maximal. velocities of the enzyme in
the presence and absence of saturating amounts of CaM*Can,
respectively. For this.system, Jarrett and' Kyte (19) have shown
that the difference between the initial velocity in the -presence
ofCaM and that in its absence, Avi, at any Ca + concentration,
is given by:

Avi = AVm. [CaM*Ca,]/(Kapp + [CaM*Can])
where

AVmax =' Va (1 + K a/[Ca2+]),- VO (1 + K&/[Ca2*])
and

K = KC (KC- + [Ca2+])/(Kca + [Ca2+]).

[1]

[2]

[3]

Eq. 1 is a rectangular hyperbola as a function of [CaM*Cak].
Eqs. 2 and 3 show that the maximal velocity and the apparent
Michaelis constant still depend on free [Ca2e+].
To solve Eq. 3, the values of Kc and Ka must be known. The

determination ofKa was performed in the presence ofsaturating
concentrations of CaM*Can-i.e., the amount of CaM added
was such that the concentration ofCaM*Ca3 was at least 10-fold
higher than the value of Kca given below. Ca binding to the sub-
strate site of Ca2+,Mg2e-ATPase occurred without cooperative
effects, both in the presence and absence of CaM. (Fig. 1). Va
and V0 correspond to 0.071 and 0.020 mol/min per mg of mem-
brane protein, respectively. The dissociation constants are 51.5
,uM inthe absence (Kc) and 2.8 pM in the presence (K:) of CaM.
These values are of the same order of magnitude as those re-
ported by other investigators (9, 12, 15); however,.these reports
and others (16)claimed pronounced positive cooperativity in the
binding of Ca2+ to Ca2+,Mg2+-ATPase provided that CaM is
present. The positive cooperativity apparently was due to the
use of EGTA as Ca2+ buffer, which leads to erroneous results
(13), or to the fact that saturating amounts of CaM*Can were
not present. It should be noted that, at concentrations of Ca2+
higher than those used in Fig. 1, Ca2+,Mg2+-ATPase is inhib-
ited. In the presence of CaM inhibition starts at 130,uM free
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FIG. 1. Activity of erythrocyte Ca2",M&e-ATPase as a function
of the free Ca2" concentration in the presence (0) or absence (0) of 0.94
,uM CaM and the corresponding Scatchard plots (Inset). Enzyme ac-
tivity (E) is in arbitrary fluorescence units. The amount of added
metal-free CaM was chosen so that at the lowest free Ca2" concentra-
tion, the CaM-Ca3 concentration was 10-fold-higher than the dissocia-
tion constant of the enzyme for CaM-Ca3 (see text). The chelating effect
of added CaM was taken into account for the determinations of free
Ca2". The lower part of the activation curve in the presence of CaM
could not be determined because no chelators such as EGTA were used
to lower the free Ca2" concentration. The lines represent the theoret-
ical activation curves as calculated from the Scatchard plots.

Ca2+; it starts at 630 ,uM in its absence (results not shown).
Because at these concentrations the activation by Ca2+ is es-
sentially completed, we consider that this inhibitory effect does
not significantly influence the activation pattern.

Fig. 2 shows the activation of Ca2+,Mg2e-ATPase as a func-
tion of total CaM concentration at four selected concentrations
of free Ca2+. As expected (7), less CaM was needed to induce
half-maximal activation of the enzyme at higher concentrations
of free -Ca2 . It should be noted that, in the range of Ca2+ con-
centrations studied, the inhibitory effect of CaATP can be
neglected because its concentration was never higher than
1/10th the inhibition constant (11). For 11 experiments at
different concentrations of free Ca2+, the concentrations of the
different free CaM-Ca species at half maximal activation of
Ca2+,Mg2+-ATPase were calculated as described (7) and are

100 0 0

'U

o_ 0
4.) 6-

50

0

Table 1. Concentrations of different CaM-Can species at half-
maximal activation of erythrocyte Ca2",Mg2e-ATPase at
different free Ca2" concentrations

CaM-Cal, nM
Total n=4 n=4 n=4

Ca2+, CaM, EEE
M nM nn 1 n=2 n=3 n = 4
3.87 74 57.7 25.8 4.85 0.084
5.06 38 32.1 17.0 3.97 0.090
5.41 40.9 25.1 19.3 4.74 0.115
9.2 13.5 12.7 9.02 3.25 0.132
14.0 7.35 7.16 5.84 2.73 0.165
18.7 4.12 4.06 3.55 1.93 0.153
20.6 4.06 4.01 3.58 2.04 0.176
39.8 1.76 1.76 1.69 1.24 0.192
50.5 1.21 1.21 1.18 0.926 0.174
84.9 0.94 0.94 0.93 0.814 0.228

153.0 1.29 1.29 1.29 1.21 0.498

shown in Table 1 (it was assumed that, if CaM*Ca,, is the bio-
logically active species, those species with more than n Ca2" are
also active). These concentration values are equal to Kapp (see
Eq. 1) and should obey Eq. 3 only for the biologically active
CaM*Ca. species. The values of Kc and Kc are known from in-
dependent experiments, so the Kapp values can be plotted
against (Kc + [Ca2+])/(Ka + [Ca2+]) and should yield a straight

20

15

'U

10

3

2

1

0

I

'I-
0 ,

I//

,x I

/
//

1 /0
I/ / *

4

x 9'
/

x x / ,

,x ,

if ,4 #'f
a

1 2 3
Function ([Ca2+

I

/

I /p0

4'I

/

p

0

I0

I

I

Io

F..-- // .,

1 3 5
Function ([Ca2+ )

7

8
- log[CaM]wtal

FIG. 2. Activation of erythrocyte Ca2",Mg2e-ATPase as a function
of the total concentration ofCaM at fourselected concentrations of free
Ca2". The curves were normalized to percentage of maximal activa-
bility. Free Ca2" concentration: e, 50.5 uLM; o, 20.6 ,uM; x, 9.2 AM;
Cj, 5.1 /LM. The lines represent the theoretical activation curves, as-
suming classical Michaelis-Menten kinetics.

FIG. 3. Determination of the stoichiometry of the biologically ac-
tive CaM*Ca. species. Data from Table 1 are plotted according to Eq.
3. Function ([Ca2`]) = (Kc + [Ca2+])/(Kc + [Ca2"]). Values were cal-
culated with jn4- CaM-Can (0), jn=4CaM-Can (0), j n=4CaMCan
(x), CaM-Ca4 concentration (o). The solid line represents the theoret-
ical curve calculated from Fig. 3 with the experimental values of Kc
and Kc' for the case of j,-4 CaM-Can; the dashed lines are calculated
for other combinations. The abscissa term cannot be <1; the extrap-
olation toward zero is represented as a dotted line. (Inset) Values cal-
culated for a single active CaM*Ca,, species: *, n = 1; o, n = 2; X, n
= 3. Only the measurements at high Ca2" concentration are presented.
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line, passing through the origin, provided a correct value for
n in CaM*Can is used.

Fig. 3 shows this relationship for the different species. Only
when calculated on the basis of CaM*Ca3 + CaM*Ca4 do all
experimental points follow a linear relationship with a corre-
lation coefficient of 0.98; moreover, the corresponding straight
line passes through the origin. Neither of these two conditions
is fulfilled in the case of other combinations. As illustrated in
Fig. 3 Inset, the plot of the data with CaM Ca3 alone as active
species does not yield a line passing through the origin for free
Ca2+ concentrations >40 ,uM. This demonstrates that only the
sum of CaM*Ca3 and CaM*Ca4 concentrations obeys the gen-
eral equation and that CaM*Ca4 is as active as CaM*Ca3. In
vivo, however, the concentration ofCaM*Ca4 is negligible and
activation is brought about solely by CaM*Ca3.

The slope ofthe line yields a dissociation constant for the Ca-
saturated enzyme for CaM Ca3 + CaM Ca4 of 0.6 X 10-9 M.
The interaction of the enzyme with. CaM Ca3 + CaM Ca4 is
noncooperative as can be inferred from the behavior of the
curves of Figs. 1 and 2.

DISCUSSION
The influence of CaM on the affinity of the enzyme for Ca2"
and vice versa has been quantitatively analyzed in terms of the
theory oflinked functions (23). It should be pointed out that our
analysis (7, 8) implies that in the equilibrium reaction

enzymebasal+ CaM*Ca, " complexcvated
the concentration of free CaM*Cak regulates the proportions
ofthe enzyme found in the basal and in the activated state. Even
if the affinity ofCaM for Ca2+ changes when CaM forms a com-
plex with the enzyme, the Ca2+ content and the affinity of the
latter complex do not need to be considered in our analysis.

The analysis implies that the concentration of the enzyme or
other CaM-binding proteins should be small compared to that
of CaM*Can at half-maximal activation. According to calcula-
tions based on the data of Jarrett and Kyte (19), the concentra-
tion of Ca2',Mg2e-ATPase in-our enzyme assays amounts to
no more than 10-12 M-i.e., 1/600th of the dissociation con-
stant for CaM'Ca3. Spectrin has been reported .to be an abun-
dant CaM-binding protein (24) but does not interfere in the as-
says because our membrane preparation was stripped of spec-
trin, and the affinity of spectrin for calmodulin is no more than
1/1,000th that for the Ca, Mg2+-ATPase (24).
The CaM*Can species in equilibrium with the activated en-

zyme proved to be the one that binds at least three Ca2+. Be-
cause a similar stoichiometry was obtained with phosphodies-
terase (7), adenylate cyclase (8), and CaM-binding to synaptosomal
membranes (8), it seems that the Ca-dependent exposure ofthe
hydrophobic region on CaM, which is thought to be the key
event in the activation ofCaM by Ca2+ (25, 26), is concomitant
with the appearance of the species CaM Ca3. Contrary to our
results, Huang et at (27) and Blumenthal and Stull (28) proposed
that the activation of CaM requires the binding of four Ca2+.
However, when ionic strengths as high as those found in vivo
were used for enzyme assays, we (7) and Haiech et at (29) found
that CaM displays only three high-affinity binding constants for
Ca2+, although full enzyme activation is reached. Recently,
Foder and Scharff (30) claimed that all CaM Can complexes ac-
tivate erythrocyte Ca +,Mg2+-ATPase but have varying affini-
ties for the enzyme. Unfortunately these authors disregarded
the fact that KNX, depends not only on Ca2+ concentration but
also on Kc and Ka. Furthermore, their kinetic analysis is blurred
because 1mM EGTA or another chelatorwas presentthroughout.

The dissociation constant of the enzyme for CaM*Ca3 in the

presence of saturating amounts ofCa2" in the substrate binding,
site amounts to O.6 nM. On the assumption that any added CaM
is active irrespective of the degree of saturating with Ca2+,
Raess and Vincenzi (31) reported a Kapp of 3 nM at 10 ,uM free
Ca2+. Recalculation of their data in terms of CaM-Ca3 alone
yields a Kc of 0.75 nM, which is in good agreement with our
value. Similar calculations with the data ofJarrett and Kyte (19)
and of Graf and Penniston (32) yield,K values of 3.5 nM and
0.1 nM, respectively. Given the experimental errors and dis-
crepancies in the methods, it can be assumed that the disso-
ciation constant is in the nanomolar range and close to those
pertaining to brain phosphodiesterase and adenylate cyclase.
It should be noted that the affinity ofthe enzyme for CaM*Ca3
is not the same when the substrate binding site is saturated with
Ca2+ as when the site is not saturated. Because Kc x K = Ka
x Kc, the value of Ka-i.e., the dissociation constant of the en-
zyme for CaM Ca3 in the absence ofCa2+ at the substrate bind-
ing site-can be calculated; it equals 11 nM, about 1/20th that
in the presence of substrate Ca2+. This is a quantitative dem-
onstration ofthe modulation ofthe affinity ofa CaM-dependent
enzyme for its activator by the substrate.

Contrary to some reports (9, 16), excess CaM does not induce
pronounced positive cooperativity in Ca binding to the sub-
strate site. However, the appearance ofapparent positive coop-
erativity can be predicted from the kinetic mechanism depicted
above. Indeed, with all the parameters known, the total initial
velocity, vi, can be expressed as a functionofthefree Ca2+ con-
centration at different concentrations of total CaM. If at the
extreme values of total CaM (10-1" and 10-3 M) the activation
curves are noncooperative, at intermediate concentrations of
total CaM, the activation curves do display pronounced positive
cooperativity (Fig. 4). Fig. 5 shows the three-dimensional pic-
ture of the activation of Ca2+,Mg2e-ATPase by Ca2O and CaM.
When the free Ca2` concentration is increased at low total CaM,
the activity reaches a plateau value which is one-third of that
in the presence of high CaM; moreover, the transition from the
lower to the higher plateau, induced by the increase in total
CaM, tends to be cooperative.

In normal erythrocytes the total concentration of CaM is
thought to be 2.5-7 ,uM (30, 33, 34) and the concentration of
free Ca2+ is 0.25 ,.LM (1). Hence, the steady-state activity ofthe
Ca pump amounts to 0.2-0.5% of its maximal activation (Fig.

- log[CaM] = 7
_ 8

- log[Ca2+]

FIG. 4. Activity of erythrocyte Ca2+,Mg2+-ATPase as a.function
of concentrations of free Ca+ and CaM calculated with the eperi-
mentally determined parameters. The inhibitory effect' of Ca' at
>130 pM in. the presence of CaM was not considered here. *,
Ca2+,me+-ATPase activity at the free Ca2+. and total CaM concen-
trations presumed to exist in the intact erythrocyte.
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FIG. 5. Three-dimensional picture of the activity of Ca2+,Mg2e-
ATPase as a function of Ca2' and CaM concentrations. The inhibitory
effect of Ca2" at >130 AM in the presence of CaM, and at >630 ,uM
in its absence, was not considered here. The Ca-independent hydrolysis
ofATPhas been subtracted. The lower plateau represents the maximal
Ca-dependent basal activity (V0 = 0.020 mol/min per mg of protein);
the upper plateau represents the maximal Ca- and CaM-dependent
activity (V. = 0.071 pmol/min per mg of protein). The curves at the
far leftand far right represent the basal and CaM-dependent activities,
respectively, as a function of the free Ca2' concentration. Ten lines
correspond to 1 order of magnitude of CaM concentration.

4) and therefore represents an economical way of functioning.
When the Ca2" permeability increases and the intracellular free
Ca2+ concentration increases 2-fold, the pumping activity in-
creases more than 6-fold, whereas a 10-fold increase of intra-
cellular Ca2+ leads to a 70-fold increase in pumping. If the ef-
ficiency of this mechanism decreases, as is apparently the case
in sickle cell anemia (35), the rate of Ca pumping slows down
rapidly and the intracellular Ca2+ concentration increases. This
explains why Eaton et aL (36) found approximately 8 times as
much calcium in erythrocytes ofsickle cell patients as in normal
cells.
The authors are grateful to Dr. J.-J. Combremont (Laboratoire de

Chimie Theorique Appliqu6e, University of Geneva) for computer
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