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The enzymatic basis for the Ca 2+ pump in human red cells is an ATPase with hysteretic properties. The 
Ca 2 +-ATPase shifts slowly between a ground state deficient in calmodulin and an active state saturated with 
caimodulin, and rate constants for the reversible shifts of state were recently determined at different Ca 2+ 
concentrations (Scharff, O. and Foder, B. (1982) Biochim. Biophys. Acta 691, 133-143).  In order to study 
whether the Ca 2+ pump in intact red cells also exhibits hysteretic properties we have analysed transient 
increases of intracellular calcium concentrations (Cai) , induced by the divalent cation ionophore A23187. 
The time-dependent changes of Ca i were measured by use of radioactive calcium (4SCa2+) and analysed with 
the aid of a mathematical model, based partly on the Ca 2 +-dependent parameters obtained from Ca 2 +-ATPase 
experiments, partly on the A23187-induced Ca z+ fluxes determined in experiments with intact red cells. 
According to the model a delay in the activation of the Ca 2+ pump is a prerequisite for the occurrence of 
A23187-induced calcium transients in the red cells, and we conclude that the Ca 2+ pump in human red cells 
responds hysteretically. It is suggested that Ca 2 + pumps in other types of cell also have hysteretic properties. 

Introduction 

Cellular calcium transients occur in different 
types of cell, e.g., lymphocytes [1] and platelets [2], 
and evoke various cellular responses such as cell 
motility [3], contraction in skeletal muscles [4-6] 
and cardiac cells [7], neuronal pace-maker activity 
[8], secretion from pancreatic acinar cells [9] and 
adrenal medullary cells [10], release of insulin from 
pancreatic/3-cells [11], and activation of cell divi- 
sion [1,12]. 

The cytoplasmic concentration of free Ca 2+ is 
regulated partly by intracellular Ca 2÷ transport 
mechanisms in mitochondria [13] and endoplasmic 
reticulum [14], partly by transport mechanisms 
located in the plasma membrane, i.e., Ca 2÷ chan- 

Abbreviations: EGTA, ethyleneglycol bis(fl-aminoethyl ether)- 
N, N'-tetraacetic acid. 
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nels [8,15], ion exchangers (e.g., Na+-Ca 2+ ex- 
change) and Ca 2+ pumps [16,17]. 

In human red cells only the plasma membrane 
Ca 2 + pump seems to be present, and the enzymatic 
basis for this Ca 2÷ pump is an ATPase that is 
regulated by calcium and calmodulin (for reviews 
see Refs. 17-20). The Ca2+-ATPase shows hyster- 
etic properties [20]: the enzyme can occur in two 
different states, viz., a calmodulin-deficient and a 
calmodulin-saturated state, and shifts between 
these states have been demonstrated to be time-de- 
pendent. Recently, we have determined rate con- 
stants for the state shifts at different Ca 2+ con- 
centrations [21]. A similar hysteretic behaviour of 
the Ca 2+ pump may contribute to the occurrence 
of cellular calcium transients, and this possibility 
can profitably be studied in the human red cell. 

Transient increases of the intracellular Ca 2+ 
concentration in human red cells have been ob- 
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served by treatment of the cells with the divalent 
cation ionophore A23187 [22-24] and propranolol 
[25]. The search for physiological mechanisms that 
by activation can increase the low Ca 2 + permeabil- 
ity of the red cell membrane is still proceeding 
[26-28]. 

In the present study we have analysed A23187- 
induced calcium transients in intact red cells. For 
the analysis we have used a mathematical model 
based on the hysteretic properties of the Ca 2+- 
ATPase in erythrocyte membranes, and it is shown 
that the model can account for the A23187-in- 
duced calcium transients in the red cells. 

Part of this paper was presented at the Interna- 
tional Conference on the Ca 2 + pump of Red Cells, 
in Buenos Aires, Argentina, September 13-15, 
1982. 

Methods 

Erythrocytes were isolated from bank blood 
(stored 1-3 weeks), and calmodulin-deficient A- 
membranes and calmodulin-saturated B-mem- 
branes were prepared as earlier [29]. 

The red cells used for Ca 2÷ transport experi- 
ments were washed three times at 0 -4°C in a 
standard medium containing (mM): histidine (10), 
imidazole (10), KC1 (75), NaC1 (70), MgC12 (1), 
pH (37°C) 7.4, and the cells were packed at 3200 
× g for 10 min. 

For the transport experiments, 1 vol. of packed 
cells were suspended in 4 vol. of standard medium, 
and solutions of CaC12, 45Ca (10-40 mCi /mg 
Ca 2 +, Amersham), EGTA, and inosine were added 
as detailed in Results and Discussion. The chosen 
concentrations of K ÷ and Mg 2÷ in the standard 
medium were found to minimize changes in cell 
volume and extracellular K ÷ and Mg 2÷ (cf., Ref. 
22 and Results and Discussion). 

Prior to the experiments, the cell suspensions 
were preincubated for 20-40 min at 37°C in the 
presence of 5-10 mM inosine (fed cells) or inosine 
and 7.5 mM iodoacetamide (depleted cells). After 
preincubation, the fed cells contained approx. 1.2 
mmol ATP and 20/~mol calcium (determined by 
atomic absorption) per litre cells. 

The Ca 2+ transport experiments were con- 
ducted at 37°C in well stirred suspensions of fed 
or depleted cells. The ionophore A23187 (Calbio- 

chem) was added from a stock solution containing 
1 mg A23187 per ml of ethanol/acetone (9:1,  
v/v) .  For measurements of A23187-mediated Ca 2 + 
influx at different extracellular Ca R+ concentra- 
tions the carrier-free 45Ca2+ solution (approx. 20 
/~Ci) was added to the suspension of depleted cells 
upon the establishment of electrochemical equi- 
librium with respect to 4°Ca, i.e., 0.5 to 3 h after 
the addition of ionophore A23187. 

Cellular calcium was determined by a slight 
modification of the method of Lew et al., based on 
the use of 45 Ca [22,30]. Samples of cell suspension 
(200 #1) were transferred to Eppendorf centrifuge 
tubes, kept at 0°C, containing 850 ~1 of stop 
buffer and 400/~1 of dibutylphthalate oil (density 
1.042-1.045, Merck). The stop buffer contained 
(mM): histidine (10), imidazole (10), KCI (75), 
NaC1 (20), MgC12 (25), EGTA (7.5), pH (20°C) 
7.7. Within 2 min (see below) the tubes were 
centrifuged for 30 s at 13 000 × g. The bottom of 
the tube was dipped in ace tone/dry  ice bath, thus 
freezing only the cell pellet. This step (1) facili- 
tated the aspiration of supernatant (buffer and oil) 
and the cleaning of tube wall with cotton swabs, 
and (2) haemolysed the cells before precipitation 
with 500 ~1 perchloric acid (4%). The precipitate 
was spun down and 420 ~1 of clear supernatant 
were transferred to 10 ml Dimilume (Packard) and 
counted in a Beckman liquid scintillation counter 

(14C channel). 
No significant difference in cellular radioactiv- 

ity between cells centrifuged 5 s or 2 min after 
sampling could be detected (6 min after sampling 
only 2.5% of the cellular radioactivity was lost). 

For determination of total or extracellular ra- 
dioactivity samples of cell suspension or of super- 
natant from centrifuged cell suspension were pre- 
cipitated with perchloric acid and counted as 
above. 

Cellular calcium (/~mol/1 packed cells) was 
calculated from the cellular and total radioactivi- 
ties and the total concentration of calcium in cell 
suspension. Cellular calcium, obtained from sam- 
ples collected before the addition of ionophore, 
was regarded as a blank value, originating from 
the incubation medium trapped in the cell pellet. 
The trapped volume, consisting of incubation 
medium (one-sixth) and stop buffer (five-sixths), 
was determined to be 6%. Single flux (influx) of 



Ca 2÷ was calculated f rom the rate of tracer equi- 
libration, the cellular and extraceUular radioactiv- 
ity at equilibrium, and the concentrat ion of  calcium 
present in the incubat ion medium. 

Ca2+-ATPase assays, determinations of  calcium, 
ATP,  and protein were performed as previously 
[29,31,32]. For  the calculations see Appendix.  

Results  and Discuss ion  

Cellular calcium transients mediated by ionophore 
Immediate ly  after the addit ion of  ionophore  

A23187 to a suspension of  red cells, leading to an 
appropr ia te  magni tude  of  Ca 2 ÷ influx, a transient 
increase of  the intracellular concentrat ion of  
calcium (Cai)  could be revealed by measurements 
with 45Ca (Fig. 1). After  the peak value of Ca i, 
which occurred 0.5-1 rain after the ionophore 
A23187 addition, Ca i decreased to a lower level 
that  became steady, provided the cells were fuelled 
with inosine. Using glucose as the only energy 
source, we previously found that a low steady state 
of  Ca i could not  be maintained [33]. 

The occurrence of  a peak value of  Ca i has 
previously been demonst ra ted  [22,33], and the 
phenomenon  was suggested to be an artifact, 
caused by initial interactions between the iono- 
phore  and the cells before A23187-equilibration. 
However,  as shown in Fig. 1, a cellular calcium 
transient could also be produced with cells equi- 
librated with A23187 for 10 rain and then exposed 
to an excess of  CaC12 over EGTA.  0.5 mM E G T A  
was present during the A23187-equilibration in 
order  to prevent a low ionophore-mediated influx 
of  Ca 2+, arising from Ca 2+ contaminat ion in the 
medium. 

By repeated addit ion of  ionophore  A23187 to 
the same cell suspension it was possible to provoke 
three peak values of  Ca i, succeeded by periods in 
which still higher steady-state levels of Ca i were 
adjusted (Fig. 2). The fourth addit ion of  A23187 
caused a dramatic  increase in Ca i (Fig. 2). Ap- 
parently, at this stage the Ca 2 + pump was not able 
to compensate  for the high Ca 2 + influx, and there- 
fore Ca i remained high. 

We suggest that  the cellular calcium transients, 
induced by ionophore  and Ca 2+, may reflect a 
genuine response of  a system that regulates the 
concentra t ion of  ionized calcium in the red cell. 
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Fig. I. Calcium transients in red cells. Cellular concentration of 
total calcium (Cai) was measured by the 45Ca method (see 
Methods). Cellular radioactivity was measured before zero time 
(blank value) and was subtracted from the cellular radioactivi- 
ties measured after zero time. The vertical bar refers to 10 
/amol/l packed red cells. Curve a, fed cells in standard medium 
with added 45Ca (approx. 20/aCi), CaCI 2 (100 #M), inosine 
(4.7 mM), and after 10 min (zero time in figure) addition of 
ionophore A23187 (8.8 /amol/1 cells). Curve b, as curve a, 
except for the inclusion of 500 jaM EGTA and 600/aM CaCI 2 
in standard medium instead of 100 #M CaCI 2. Curve c, fed 
cells in standard medium with added A23187 (8.8 /amol/l 
cells), 45Ca, 500/aM, EGTA, inosine, and after 10 min (zero 
time) addition of CaC12 solution to 600 #M. 
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Fig. 2. Changes of cellular calcium (Ca i ) induced by successive 
additions of ionophore A23187. Ca i determined as in Fig. I, 
except for blank values which are included in Ca i. The fed cells 
were incubated in standard medium, including approx. 20 #Ci 
45Ca, 100/aM CaCI 2 and 8.9 mM inosine. The arrows indicate 
additions of ionophore A23187. The total ionophore A23187 
concentrations after each addition were from left: 2.2, 4.4, 8.8, 
and 17.6/amol/l cells. 
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Under the present experimental conditions the two 
known constituents of this system are the iono- 
phore-mediated Ca 2+ influx and the Ca 2+ pump. 
In the last section it is shown that the cellular 
calcium transients can be simulated by using a 
mathematical model, based on the hysteretic prop- 
erties of the Ca 2 +-pump ATPase. 

Before a closer analysis of the observed calcium 
transients we will describe the ionophore-mediated 
Ca 2+ leak and the regulation of the Ca2+-pump 
ATPase in greater detail. 

Ionophore-mediated Ca: + leak 
Upon addition of the ionophore A23187 to a 

suspension of red cells, 98-99% of the added 
ionophore was accumulated in the cells [34] and, 
consequently, the Ca 2 + permeability of the plasma 
membranes was increased [22,30]. The Ca 2+ influx 
increased with increasing concentration of the 
ionophore (see Fig. 3), according to Lew and 
Simonsen [34] proportional to [A] m, where [A] 
refers to A23187 concentration and m = 1.45. In 
Fig. 3, the value of m is 1.63. In another series of 
experiments, conducted at an extracellular Ca 2+ 
concentration of approx. 300/~M at electrochemi- 
cal equilibrium and various A23187 concentra- 
tions, we found m = 1.38. When necessary for 
calculations (see Fig. 8) we chose m = 1.5. 

As expected (see Appendix, Eqn. 1), the Ca 2+ 
influx was a linear function of the extracellular 
Ca 2+ concentration over the range in question 
(Fig. 3). However, the regression lines intersect the 
ordinate below zero, indicating, for unknown rea- 
sons, some deviations from linearity at the lowest 
Ca 2+ concentrations. To account for this non-lin- 
earity, an exponential term was included in the 
equation of the curves in Fig. 3. 

The permeability constant, derived from the 
slopes of the rectilinear curve segments in Fig. 3, 
was only about 25% of that reported by Lew and 
Simonsen [34]. The main cause of this discrepancy 
is probably that we determined the Ca 2+ influx in 
an intracellular medium containing 1 mM Mg 2+, 
while Lew and Simonsen [34] used 0.15 mM. The 
higher Mg 2+ concentration resulted in a greater 
competition between Mg 2+ and Ca 2 ÷ for the iono- 
phore, which decreased the Ca 2÷ influx. For in- 
stance, demonstration of calcium transients in the 
presence of 0.15 mM Mg 2+ (not shown) required 

800 /133 /° 
Z 600 
% 

E 

-6 E t~00 f 

200 

0 i I I [ I I I I 

200 t, O0 600 800 
ExtrQcettutar CQ2+-conc. (pM) 

Fig. 3. Ca 2+ influx into red cells at three different ionophore 
A23187 concentrations (4.4, 8.8, and 13.3 ~mol/1 cells) depen- 
dent on the extracellular Ca z+ concentration. The Ca 2+ influx 
was determined in depleted cells after the establishment of 
electrochemical equilibrium. Single experiments (O, [2) or mean 
_+ S.E. of five experiments (e). The curves are calculated from: 
y = a[Ca2+] - b(1 -exp(-[Ca2+]/15)), where a and b amount 
to 0.57 and 7.5 (4.4), 1.77 and 23.1 (8.8), 3.45 and 52.3 (13.3). 
The exponential term corrects for the non-linearity at the 
lowest Ca 2 + concentrations. 

lower A23187 concentrations than used in Fig. 1 
in order to avoid Ca 2+ influxes too high to be 
compensated for by the Ca 2+-pump flux. 

Measurements of Mg 2 + fluxes at different Mg 2 + 
concentrations revealed that, in our experiments, 1 
mM Mg 2÷ in the extracellular medium corre- 
sponded to electrochemical equilibrium, probably 
because we used stored bank blood in which the 
concentration of 2,3-diphosphoglycerate (2,3- 
DPG) is very low [35]. Using Flatman and Lew's 
data [36] and assuming zero concentration of the 
cellular component (2,3-DPG?) which shows large 
binding capacity and low affinity for Mg 2+, we 
calculated that the extracellular equilibrium con- 
centration of Mg 2+ would be 1 mM, in accordance 
with the measurements, instead of 0.15 mM which 
was the equilibrium concentration found in sus- 
pensions of fresh red cells [36]. 

Ca: + dependence of A-state and B-state A TPase 
Fig. 4 shows the Ca 2+-ATPase activities of the 

A state and B state in erythrocyte membranes in 
dependence of the concentration of free Ca 24. The 
experimental points were fitted by an ATPase 
model with four activating calcium-binding sites 
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Fig. 4. Dependence of activities of Ca2+-ATPase in A- and 
B-states on concentration of free Ca 2+. ATPase activity 
(/~mol/min per g protein) of calmodulin-deficient (A) and 
calmodulin-saturated (B) erythrocyte membranes was assayed 
as previously [29]. A, single experiments. B, mean _+S.E. of 
eight experiments. The solid curves were fitted to the experi- 
mental points by using Eqn. 5 in Appendix, and the resulting 
values of parameters are shown in Table I. 

(see Table I and Appendix, Eqn. 5). In addition, a 
non-competitive inhibitory effect of Ca 2÷ (K~ = 
375 #M) was assumed in order to account for the 
decrease of ATPase activity at high Ca 2÷ con- 
centrations (Fig. 4). A more complex model for 
the Ca 2+ inhibition can be developed, for instance 
by considering the suggested inhibitory effect of 
the CaATP 2- complex on the ATP site [37] but for 
the present purpose the used model was satisfac- 
tory. In our model, identical values of K~ were 
used for both the A and the B state. However, the 
activities of the A-state ATPase in Fig. 4 could be 
fitted equally well by using a higher value of K~ 
combined with a lower value of V, cf. Schatzmann's 
discussion [17] of this topic. 

The determination of Ca 2+ activation of the 
ATPase at low Ca 2+ concentrations (~< 10 - 6  M )  

requires the presence of EGTA or a similar chela- 
tor of Ca 2+. It has been reported that EGTA 
influences the Ca 2+ activation of the ATPase 
[38,39]. However, we found only small effects on 
Ca 2+ activation of EGTA in concentrations rang- 
ing from 0.3 to 3 mM (unpublished data, cf. also 
Ref. 40). We therefore used the curves shown in 
Fig. 4 as estimates of the Ca 2 ÷ sensitivities of the 
proposed two states of the Ca 2÷ pump, and the 
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TABLE I 

PARAMETERS OF MODEL FOR Ca2+-PUMP ATPase 

The parameter values were obtained by fitting Eqn. 5 in the 
Appendix to the experimental points in Fig. 4, using the method 
of least squares. The units are: c~ values ( # M - t ) ,  KI (btM) and 
V (#mol /min  per g protein). The values of V used for calcu- 
lation of Ca 2+ pump fluxes (lip) were 308 (A-state) and 490 
(B-state) #mol /min  per 1 cells, provided a pump stoichiometry 
(see text) equal to one. 

Parameter A-state B-state 

c 1 0.15 1.5 
c 2 0.001 1.5 
c a 0.08 0.4 
c 4 0.001 0.05 
K l 375 375 
V 44 70 

Ca 2 +-pump fluxes were calculated from the values 
given in Table I, assuming a pump stoichiometry n 
(i.e., mol transported Ca 2+ per mol hydrolysed 
ATP) equal to 1 (the V values should be multiplied 
by 2 for n = 2). 

Ca 2 +-dependence of calmodulin binding 
At low Ca 2+ concentrations, calmodulin binds 

slowly to the Ca2+-ATPase, resulting in a delay in 
the Ca 2+ activation of the ATPase, and at high 
Ca 2 + concentrations calmodulin dissociates slowly 
from the ATPase-calmodulin complex [21]. Fig. 5 
shows the Ca 2+ dependence of the overall rate 
constants for association (k t ) and dissociation (k 2 ) 
of the Ca2+-calmodulin complex (CaiZ) and en- 
zyme (E), illustrated by the overall reaction: 

k I 
C a i Z + E  A ~=~ Ea (Ca iZ  ) 

k 2  

Values of k I and k 2 were determined previously 
[21] by measuring the rate of activation or 
deactivation of the ATPase at various concentra- 
tions of calmodulin and free Ca 2 +. The experimen- 
tal values of k~ and k 2 from Ref. 21 were here 
fitted by a mathematical model (see Fig. 5, Table 
II and Appendix, Eqns. 6 and 7). Experimental 
values of k~ could not be determined at the lowest 
Ca 2 + concentrations due to the low activity of the 
Ca2+-ATPase below 0.5 #M free Ca 2+ (see Fig. 4). 
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Fig. 5. Overall rate constants (k I and k2) for calmodulin 
binding to Ca2+-ATPase and hypothetical concentration of 
available calmodulin (Za) , in dependence of the concentration 
of free Ca 2+. k] (nM-l.min - I )  and k 2 (min - l )  refer to 
association and dissociation, respectively, of the calmodulin- 
ATPase complex. The solid curves were fitted to the experi- 
mental points by using Eqns. 6 and 7 in Appendix, and the 
resulting values of parameters are shown in Table II. Z a was 
calculated from Eqn. 8 in the Appendix by using the values: 
Yt = Zt = 4 gmol/1 and gy = 0 . 4 . k 2 / k  p 

The ra te  cons tan t s  k 1 and k 2 were de t e rmined  
in C a 2 + / E G T A  buffers  [21] but  the de lay  in 
ac t iva t ion  of  the Ca 2 +-ATPase  was not  inf luenced 
b y  E G T A .  F o r  instance,  de t e rmina t ions  of k,  and  

k 2 in exper iments  at  13 and 28 /~M free Ca z+ 
conduc ted  in the absence  of  Ca  2÷ chela tor  or  in 

the presence of  n i t r i lo t r iacet ic  acid  d id  not  devia te  
f rom de te rmina t ions  in the presence of  E G T A  (not  
shown).  

TABLE II 

PARAMETERS OF MODEL FOR OVERALL RATE CON- 
STANTS (k I AND k2) FOR BINDING OF CALMODULIN 
TO Ca 2+ PUMP ATPase 

The a i values were taken from Crouch and Klee [48]. The other 
parameter values were obtained by fitting Eqns. 6 and 7 in the 
Appendix to the experimental points in Fig. 5, using the method 
of least squares (cf. also Fig. 10 in the Appendix). 

i a i b i kl, k21 
(/LM -I ) (/zM - l  ) (/~M- I.min -~ ) (min -] ) 

0 0 50 
1 0.19 19 ~< 0.03 3.0 
2 0.21 21 15 0.045 
3 0.04 4 28 0.045 
4 0.026 2.6 13.5 0.045 

The  cel lular  concen t ra t ion  of  free ca lmodul in ,  
avai lable  for the Ca 2+ pump,  depends  on the pres- 
ence of  o ther  ca lmodu l in -b ind ing  pro te ins  in the 
red cells. Accord ing  to Pennis ton  et al. [41], the 

to ta l  concen t ra t ion  of ca lmodu l in -b ind ing  sites in 
the red cell cy top la sm m a y  be comparab l e  to the 

concen t ra t ion  of ca lmodul in .  Very litt le is known  
abou t  the Ca 2 ÷ dependence  of ca lmodu l in -b ind ing  

to these proteins.  The  b ind ing  of  ca lmodul in  to 
t ropon in  I [42] and  to c A M P  phosphodies te rase  
[43] seem to occur  more  quickly than that  to the 
Ca2+-ATPase  [21], and  ca lmodul in  b inds  to the 
phosphod ies te rase  with higher  aff ini ty  (2.5-times) 
than  to the Ca 2+-ATPase. 

In  o rder  to calcula te  the act ivi ty  of  the Ca 2÷ 

p u m p  in the cell, where the concen t ra t ion  of 

ca lmodu l in  m a y  be l imit ing,  we have for s impl ic i ty  
assumed  the existence of  one cel lular  prote in ,  Y, 
that  competes  with the Ca z ÷ p u m p  for ca lmodul in .  
Pro te in  Y was assumed to b ind  ca lmodul in  much 
faster  and  with higher  aff ini ty  than  the Ca 2 ÷ pump,  
the CaZ+-dependent  d issocia t ion  cons tan t  being 
Ky = 0.4-  k 2 / k  I (see Fig. 5). We  can now calculate  
concen t ra t ions  of  free ca lmodu l in  (Za )  avai lable  
for  the Ca 2+ pump,  at  d i f ferent  Yt values (see 
Append ix ,  Eqn. 8). Z a decreased  with increas ing 
Ca 2+ concent ra t ion ,  as in the example  shown in 

Fig.  5. 
This  es t imate  of  the concen t ra t ion  of avai lable  

ca lmodu l in  is, of  course,  a rough approx imat ion .  
A comple te  descr ip t ion  of  the compe t i t i on  be- 

tween different  cel lular  p ro te ins  for ca lmodu l in  
would  require  the solut ion of  one dif ferent ia l  
equa t ion  (ana logous  to Eqn. 4 in the Append ix )  
for each of  the ca lmodu l in -b ind ing  proteins.  

S i m u l a t i o n  o f  ca l c i um  t rans i en t s  

A change of  cel lular  ca lc ium (Ca i )  with time, 
caused  by  an increased Ca 2+ influx, can be simu- 

la ted  by  the aid of  the model  for regula t ion  of 
cel lular  calcium, descr ibed  in the Append ix .  

The  observed calc ium transients  med ia t ed  by 
ionophore  A23187 could  be accoun ted  for in terms 
of  this model ,  inc luding  the previous ly  demon-  
s t ra ted  de lay  in the ac t iva t ion  of  the Ca2+-ATPase,  
i.e., the slow shift f rom the A-  to the B-state  [21], 
whereas  models  wi thout  delay d id  not  expla in  the 
ca lc ium transients .  This  is i l lus t ra ted in Fig. 6. 

Curve A / B  in Fig. 6 represents  a cel lular  
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Fig. 6. Simulated changes of cellular calcium (Cai) and fraction 
of Ca 2+ pumps in the B-state (w) calculated by a mathematical 
mode]. Curve A~ B, Ca i when the Ca 2+ pump is assumed to 
shift from the A to the B state, as indicated by curve w. Curve 
A (including insert), C a  i when the Ca 2+ pump remains in the A 
state, i.e., w = 0. Curve B, C a  i when the Ca 2+ pump shifts to 
the B-state without delay, i.e., w = 1. The curves represent 
solutions of Eqns. 2 and 4 in the Appendix, using calculated 
values of Ca 2+ leak (Fig. 3), Ca 2+ pump flux (Fig. 4 and 
Table I), overall rate constants (Fig. 5 and Table II), and the 
values: Yt = 0, Z t = 4 #mol/l and E t = 70 nmol/1 [29], ratio of 
ionized Ca 2+ to total Ca in cells a = 0.3, Ca2 +-pump stoichiom- 
etry n = i. The simulated experimental conditions are those in 
Fig. 1, including addition of ionophore A23187 (8.8 /zmol/l 
cells) at zero time to a suspension containing 20% cells and 100 
#M CaC12. Ca 2+ influx was calculated from curve 8.8 (Fig. 3) 
as y values, using the extracellular Ca 2+ concentration, Ca 0 = 
100-0.25.Ca i. The A23187-mediated Ca 2+ efflux was calcu- 
lated from curve 8.8 as y / r  2 values (cf. Eqn. 1 in the Appendix), 
using the intraceUular concentration of free Ca 2+, aCa i. 

assumed a m e m b r a n e  potent ia l  E = - 10 mV and, 
correspondingly,  a potent ial  factor  r 2 =  2.1 (see 
Eqn. 1 in the Append ix ) .  The  ca lcu la ted  ca lc ium 
t ransients  were not  inf luenced by  the choice of  
ano the r  r 2 value be tween  1 and  4. 

The  height and  the du ra t ion  of the ca lcula ted  
ca lc ium t ransients  depended  on (1) the Ca 2 + p u m p  

flux, Vp, and  thereby  the p u m p  s to ich iomet ry  (see 
Tab le  I), (2) the Ca  2 + leak, L ,  (3) the rat io,  a,  of  

ionized  calc ium to total  ca lc ium inside the cell, (4) 
the concent ra t ion ,  Za, of  avai lable  ca lmodul in .  A n  
increase  in Vp, e.g., by  the change of  p u m p  

s to ich iomet ry  f rom 1 to 2, decreased the height  

and  du ra t ion  of the ca lc ium transients ,  whereas  an 
increase  in L ,  a decrease  of  a, or  a reduc t ion  of  Z a 

all  resul ted in increased height  and  du ra t ion  of  the 
ca lc ium transients .  

Decreas ing  concent ra t ions ,  Za, of  avai lable  
ca lmodu l in  were in t roduced  in the calcula t ions  by  
choos ing  increas ing concent ra t ions ,  Yt, of  the hy- 
pothe t ica l  ca lmodu l in -b ind ing  pro te in  Y, and  
Fig. 7 shows that  these calcula t ions  resul ted in 
ca lc ium t ransients  with increasing height  and  
dura t ion .  As  the Yt value a pp roa c he d  the total  
concent ra t ion ,  Zt ,  of  ca lmodu l in  (4 /~mol/1) the 
relat ive effect of  a change in Yt increased.  I t  ap-  
pea r s  that  at  all the chosen values of  Yt (Fig.  7) 

Ca  i was ad jus ted  to low s teady-s ta te  levels dur ing  
the next  10-20  min.  Changes  in the ca lc ium tran-  

ca lc ium t rans ient  (Ca i )  ob ta ined  by  solving the 
two dif ferent ia l  equat ions  (Eqns. 2 and  4) shown 
in the Append ix .  Simul taneously ,  we ob ta ined  
solut ions  for  w (Fig.  6, curve w), referr ing to the 
f rac t ion of  B state,  which increased with t ime and 
f inal ly  reached a s teady state level, concurren t ly  
wi th  the ad jus tmen t  of  Ca  i to a low s teady-s ta te  
level (curve A / B ) .  

If  the shift  of  Ca  2÷ p u m p  f rom the A- to the 
B-sta te  was assumed to occur  wi thout  a delay,  the 
ca lcula t ions  showed that  Ca  i would  rise to the low 
s teady-s ta te  level within a few seconds and no 

ini t ia l  Ca  i peak  would  occur  (Fig.  6, curve B).  I f  
the Ca 2+ p u m p  was assumed to remain  in the 
A-s ta te ,  the ca lcu la ted  Ca~ would  rise to a high 
level within 3 -5  min and,  again,  no ini t ial  Ca  i 
peak  would  occur  (Fig.  6, curve A). 

In  the ca lcula t ions  of  the Ca 2 + leak, L ,  we have 
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Fig. 7. Simulated calcium transients ( C a i )  a t  limiting con- 
centrations of calmodulin. The curves are calculated as curve 
A/B in Fig. 6, using different Yt values (#mol/I, as indicated 
on the curves). Increasing Yt values imply reductions of free 
calmodulin ( Z a), available for the Ca 2 + pump. 
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sients, as those in Fig. 7, could not be obtained, 
for instance, by using lower V values for the Ca 2 ÷ 
pump. 

A simulated experiment with successive addi- 
tions of ionophore A23187 to the cell suspension 
(Fig. 8) showed that the three A23187 additions 
resulted in increases of the fraction of B-state (w) 
and the occurrence of peak values of Ca~, similar 
to those shown in Fig. 2. The fourth A23187 addi- 
tion, however, had only a small influence on w 
(now equal to approx. 0.75) and no Ca i peak 
occurred (cf. Fig. 2). Apparently, as the saturation 
with calmodulin is approached, the Ca 2+ pump 
cannot be activated further by shift from the A to 
the B-state. This stage would have occurred at w 
values closer to 1 in case of lower Yt values (less 
than 4/~mol/1). 

Each of the A23187 additions shown in Fig. 8 
increased the Ca 2+ leak, L, 2- or 3-times, due to 
the increased Ca 2 + influx. Shortly after the fourth 
A2318"I addition, a peak value of L appeared, as a 
result of the great increase of Ca~, leading to an 
increase in the A23187-induced Ca 2+ efflux and a 

I '° 
-~ 0'~ ' I (m'°)'~ 0 w 

OI / 1 --/ I L 

- _ r "  . . . . . . .  i 

_ _ I " - .  Co 
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0 t 10 ~ 20 ~30 40~ 

Time (min) 

Fig. 8. Simulated changes of cellular calcium (Ca i), the fraction 
of Ca 2+ pumps in the B-state (w) and Ca 2+ leak (L) ,  calcu- 
lated by a s suming  successive add i t ions  of ionophore  A23187. 

S imula ted  exper imen ta l  cond i t ions  are those in Fig. 2. The  total  
A23187 concen t ra t ion  ([A]) af ter  each add i t ion  (marked  by  
ar rows)  was f rom left: 2.2, 4.4, 8.8, and  17.6/~mol /1  cells. The 
curves  are ca lcu la ted  as curve A/B in Fig. 6, using Yt = 4 
t~mol/1 and  a =  0.4. The  A23187-media ted  Ca  2+ inf lux was 
ca lcu la ted  f rom curve 8.8 (Fig. 3) as y . ( [ A ] / 8 . 8 )  L5 (cf. Resul ts  

and  Discussion) ,  and  Ca  2+ eff lux was ca lcu la ted  ana logous ly  
(see Fig. 6). Insert :  s imula ted  changes  of Ca  i, L,  and  Ca  2+ 
p u m p  flux (Vp) induced  by  add i t ion  of A23187 (2.2 t~mol/1 

cells), here  added  at  zero time. 
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decrease in L (see Eqn. 1 in Appendix). Each of 
the first three A23187 additions resulted in an 
increase of the Ca 2 +-pump flux, Vp, to a maximum 
value which exceeded the L value (Fig. 8, insert), 
then Vp decreased again, approaching the L value, 
and finally both values were adjusted to the 
steady-state values, in accordance with the experi- 
ment (Fig. 2). 

The simulated experiments (Figs. 6 and 8) show 
that with a permanently high Ca 2+ leak, main- 
tained due to the presence of ionophore A23187, 
the fraction of pumps in the B-state remained 
high. This is in agreement with the fact that in the 
experiment in Fig. 2 no calcium transient occurred 
in response to the fourth A23187 addition. 

In vivo, increases of cellular Ca 2+ permeability 
are expected to be transient. The effect of a tran- 
sient increase of the low native Ca 2+ leak of hu- 
man red cells is shown in Fig. 9. Recently, Lew et 
al. [44] determined the Ca 2+ leak in human red 
cells suspended in plasma. The Ca 2+ leak was 0.75 
/~mol/min per 1 cells, and using this value, we 
calculated that the fraction of pumps in the B-state 
(w) was below 0.1% and the physiological level of 
ionized calcium was approx. 6 . 1 0  -8 M, which is 
slightly higher than the values of 10 8 to 3. 
10 -8 M found by Lew et al. [44]. The calculated 
effects of the transient increase of Ca 2+ influx 
(Fig. 9) were transient increases in Ca~ and pump 
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Fig. 9. S imula ted  t rans ients  of Ca  i, B-state fract ion ( w )  and 
flux (Vp) of the Ca  2 ÷ pump ,  ca lcu la ted  by as suming  a t rans ient  
increase  of Ca  2+ leak (L) .  L was assumed  to increase from 0.75 

to 75 / ~ m o l / m i n  per  1 cells du r ing  20 s. The curves are calcu- 

la ted  as curve A/B in Fig. 6, using Yt = 4 / ~ m o l / 1  and a = 0.3. 
The  ca lcula ted  s teady-s ta te  values before  the increase of L 
were: Ca  i = 0.2 /~mo l / l  cells, Vr, = 0.75 / z m o l / m i n  per  1 cells 

and  w = 8 .10  -4.  



flux, Vp, and, further, an increase of the fraction of 
pumps in the B-state up to about 20%. It should 
be noticed that the value of w did not return to 
0.1% until Ca i had been reduced to the low physio- 
logical level for approx. 15 s. 

Repeated transient increases in Ca 2+ influx in 
red cells at a fixed quantity of ionophore A23187 
were apparently obtained by Vestergaard-Bogind 
and Bennekou [24]. In their experiments, the pH 
of the unbuffered extracellular medium oscillated 
concurrently with an oscillating membrane poten- 
tial due to opening and closing of the Ca 2 +-sensi- 
tive K + channels. The competition between H + 
and Ca 2+ for the ionophore induced changes in 
Ca 2+ influx, leading to oscillating values of Ca i 
[45]. Our hysteretic model can also account for 
such oscillations, but more quantiative data are 
needed to allow a closer analysis of this phenome- 
non. 

In conclusion, our model supports the notion of 
a delay in the activation of the Ca 2+ pump in 
human red cells. Previously, we have shown [20,21] 
that the Ca 2 +-ATPase from red cells exhibits slow 
activation and deactivation in dependence of Ca 2 + 
and calmodulin, similar to the hysteretic enzymes 
defined by Frieden [46]. In the present study it is 
shown that the occurrence of A23187-induced 
calcium transients (Fig. 1 and 2) can be explained 
by using a model that includes a delay in the 
activation of the Ca 2+ pump, whereas a model 
without delay does not explain the experiments. 
Possibly, these hysteretic features also characterize 
Ca 2 + pumps in other types of cell. 

In addition, the simulations have demonstrated 
(see Fig. 7) that the size and duration of the calcium 
transients depends strongly on the cellular con- 
centration of available calmodulin. Therefore, the 
proportions of competition for calmodulin be- 
tween the Ca 2÷ pump and the several other 
calmodulin-binding proteins in cells should be 
examined. 

Appendix 

Model: cellular calcium concentration dependent on 
time 

The intracellular calcium concentration (Ca i) in 
red cells is determined by (1) the passive Ca 2+ 
transport (Ca 2+ leak, L)  across the plasma mem- 
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brane and (2) the active Ca 2+ transport (V p) 
energized by ATP via the Ca 2+ pump located in 
the plasma membrane. 

The Ca 2+ leak can be expressed as the net flux 
( infux  minus efflux) shown in Eqn. 1 (cf. Refs. 22, 
30): 

L = P ( r 2 [ C a  2+ ]o - [  Ca2+ ]i) (1) 

referring to permeability constant, P, and poten- 
tial factor r 2= exp ( - 2 E F / R T ) ,  where E is the 
membrane potential, F and R the Faraday and gas 
constants and T absolute temperature, i and o 
refer to intracellular and extracellular compart- 
ments and [Ca2+]i is equal to aCa i, where a is the 
ratio of free Ca 2+ to total Ca inside the cell, 
varying from 0.3-0.5 [22,33]. 

At pump-leak steady state, i.e., L = Vp, a con- 
stant value of Ca i is attained, whereas at non- 
steady-state conditions, when L differs from Vp, 
Ca i changes with time as shown in Eqn. 2: 

d C a i / d t  = L - Vp (2) 

As a special case (see Eqn. 1), the final distribu- 
tion of calcium at the electrochemical equilibrium 
(L  = 0) will be [Ca2+]i = r2[Ca2+]o in depleted cells 
(vp  = 0). 

The Ca 2+ pump flux, Vp, is dependent on the 
activities of the supposed A-state (v A) and B-state 
(vB), corresponding to calmodulin-deficient and 
calmodulin-saturated pump state, respectively, as 
shown in Eqn. 3: 

vp = (1 - w ) v A  + wvB (3)  

where w, the fraction of B state, depends on the 
concentration of free Ca 2 +. In addition, w is time- 
dependent [21]: 

d w / d t  = k 1 ( 1 -  w ) (  Z a - wE  t ) -  k2w (4) 

where k I and k 2 are rate constants for association 
and disociation, respectively, of calmodulin to the 
pump enzyme. Z a is the concentration of free 
calmodulin, available for the pump enzyme, and 
E t is the total concentration of pump enzyme. 

The two differential equations (Eqns. 2 and 4) 
can now be solved by using a numerical method, 
and the solutions provide us with data for C a  i and 
w as functions of time (see Calculations below). 
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Ca 2+ p u m p  activit ies,  v A and  v B, dependent  on 
Ca e+ 

v A and v B are calculated by means of a Ca 2+- 
ATPase model (Eqn. 5) with four calcium-binding 
sites [31] and including a non-competitive inhibi- 
tory effect of Ca 2÷ at high concentrations (K~ = 
375 #M): 

[,=4 ( i~4  
V E iKi Xi/ 1+ E gixi (5) 

v 4(I+X/KI ) i=1 \ i=]  ]J 

where X =  [Ca2+]i, V is the maximum velocity at 
the chosen conditions, Ki = c i c 2 . . ,  ci, where Cl, c 2 
and c, are the macroscopic binding constants for 
the first, second and ith calcium ion that binds to 
the enzyme. 

The calculated values of V, K l and c~, based on 
the experimental values from Fig. 4, are given in 
Table I. 

R a t e  constants,  k I and  k 2, dependent  on Ca 2÷ 

The time-dependent shift between the A state 
and the B state of the pump enzyme is supposed to 
follow the kinetic scheme in Fig. 10, showing that 
the binding of different calcium-calmodulin com- 
plexes (CaiZ) converts the enzyme to the activated 
B state (EB(CaiZ)). 

The overall rate constants for association (k , )  
and dissociation (k2) depend on the partial rate 
constants (kl~ and k2i, see Fig. 10) as described in 
Eqns. 6 and 7: 

i=4 i=4 
k, = Y'~ k , ,C,X' /  ~_, C,X' (6) 

i=0  i=0 

i=4 i=4 
k z = ~.~ k2,Q, Xi/ ~ Qi Xi (71 

i=0 i=0 

E klt~ 
C0tZ * Ea(Cot Z) 

A 7tb  
• E A ~ En(Ca3Z) 

°3V Ib3 
Ca2Z * E ^ ~  E=a(Ca~Z) 

i211Z ÷ L . ~  F.(I:QZI A k21 ~|b- 

A k2 0 B 

Fig. 10. Kinetic mode] for binding of Ca2+-calmodulin com- 
ple×es (CaiZ) to Ca2+-pump ATPase (E). 

since [ C a i Z ] =  Ci[Z]X i and [ E B ( C a i Z ) ] =  
Q i [ E B Z ] X  i, where X = [Ca2+]i, C, = a l a 2 . . ,  a i and 
Pi = bib2" . ,  bi (Co = Q0 = 1), a i and b i being the 
macroscopic binding constants for calcium bind- 
ing to the ith site of calmodulin that is free of 
enzyme (a i) or associated with enzyme (b I ). 

The values of kli, k2,, ai and b~, calculated 
partly on the basis of the experimental values from 
Fig. 5, are given in Table II. 

Avai lab le  calmodulin,  Z , ,  dependent  on Ca 2 + 

If Z t and Yt refer to the total cellular concentra- 
tions of calmodulin and a hypothetical calmodu- 
lin-binding protein, Y, and YZ refers to the com- 
plex of Y and calmodulin, then the dissociation 
constant is 

Ky = ( Yt - [VZ])(  Z t - [ V Z l ) / [ V Z ]  

from which a quadratic equation can be derived: 

[YZ] 2 -  ( Yt + Zt + gy ) [YZ]  + YtZ, = 0 

The concentration of free calmodulin, Za = Z t - 
[YZ], available for the Ca 2+ pump, is then calcu- 
lated from Eqn. 8: 

Z a = Z t - ( Y t + Z t + K y - ~ i Y t + Z t + K y ) 2 - 4 Y t Z t )  )/2 

(8) 

In the calculations we put K y = O . 4 . k 2 / k  ~ (cf. 
Eqns. 6 and 7) and, therefore, Z a depends on the 
Ca 2 + concentration, i.e., Z a decreases with increas- 
ing Ca 2+ (see Fig. 5). 

Calculat ions 
The calculations were done on a desk computer 

(Sharp PC-1500), programmed in BASIC lan- 
guage. We used a programme (modified from Sharp 
Manual) for the solution of two simultaneous dif- 
ferential equations of first order (Eqns. 2 and 4 
above), based on the Runge-Kutta-Gill  method 
(cf. Ref. 47). The method is iterative. The calcula- 
tions were carried out by using the initial values 
Ca i = 0 and w = 0 at zero time, the time values 
were increased stepwise, and for each step corre- 
sponding values of Ca~, w, and all the parameters 



(L, Vp, v A, v B, k 1, k 2 and Za) were calculated 
from the equations above. 
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