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SUMMARY 

The kinetics of Ca 2+ activation of membrane-bound (Ca2*+Mge+)~lepen - 
dent ATPase (ATP phosphohydrolase EC 3.6.1.3) from human erythrocytes was 
studied. 

The ATPase from membrane prepared in the presence of 0.7-500/*M Ca 2+ 
showed positively cooperative behaviour and a Km for Ca 2+ of between I and 4/tM. 
If the membranes were prepared in the absence of Ca z+ the Km increased, and an 
enzyme model with at least four calcium-binding sites accounted for the kinetic change 
assuming that one calcium-binding site decreased its affinity. 

Mg 2+ or Mg-ATP could not replace Ca 2+. 
Continuous-flow centrifugation involving a shear stress on membranes was 

necessary to obtain the high affinity ATPase activity. Using ordinary centrifugation 
the Ca2+-prepared membranes behaved as membranes prepared in the absence of 
Ca 2 +. 

The Ca 2 +-stimulated ATPase from membranes prepared without Ca 2 + showed 
reduced maximum a~tivity, but dialyzed, membrane-frce hemolysates, whether pre- 
pared with Ca 2+ present or not, recovered the activity when the hemolysate was 
present during the ATPase assay. 

It is suggested that the different Ca2 +-affinities of the CaZ+-stimulated ATPase 
correspond to two different states of the calcium-pump. 

INTRODUCTION 

Erythroeyte ghosts prepared in the presence of divalent metal ions show 
reduced (Ca2+'+Mg2+)-dependent ATPase activity compared to ghosts prepared in 
the presence of metal chelating agents [1 ]. However, when the ATPase sites are made 
accessible, ghosts prepared in the presence of Ca z+ show higher (Ca2++Mg2+) - 
dependent ATPase activity than ghosts prepared with chelating agents [2, 3]. Further- 
more, the ATPase of the former ghosts is characterized by a low Michaelis constant 
for Ca 2.  whereas ghost ATPase prepared in the absence of Ca 2+ shows diverging 
kinetics apparently with two different affinities for Ca 2+ [2, 4]. Recently, Quist and 



207 

Roufogaiis [5] reported that a high-affinity and a low-affinity (CaZ++Mg2+) - 
dependent ATPase occurred simultaneously in all their membrane preparations 
whereas previous investigations demonstrated the existence of preparations with 
only high-affinity ATPase [2, 4, 6]. 

In the present work properties of ghosts prepared i:a the presence Gf Ca 2+, 
Mg 2+, ATP, and in the absence Of these ATPase effectors have been further investi- 
gated, especially i1~ r-.lation t~ the accessibility of (Ca z+ -~-Mg 2+)-dependent ATPase 
and the differences of enzyme kinetics betwetn meml:rane preparations hemolyzed 
in ttte presence of Ca 2+ and in the absence of Ca 2+, t~spe~,tively. 

METHODS 

Preparation of erythrocyte membranes 
The membranes were prepared as described previously [2] with the following 

modifications. Erythrocytes were sedimented :{'rom recently outdated bank blood 
(63 ml citrate phosphate dextrose-t-450 ml blood) by cen~rifugation for 10 rain ~st 
2000 ×g, and the plasma and burly coat were removed by aspiration. The (.~rythrocytes 
were washed three times at room temperature in 310 mOsm sodium phosphate buffer, 
pH 8.0 (of. Dodge et al. ref. 7). Each blood specimen was made up of the washed 
erythrocytes from two bags of bank blood. 

EGTA-hemolyzed membranes. The erythrocytes were hemo~yzed at 8 °C in 
9 vol. of a buffer containing 6.7 mM sodium phosphate and 1.0 mM ethyleneglycol 
bis(~-aminoethylether)-N,N'-tetraacetic acid (EGTA, Sigma), pH 7.4 (approx. 25 
raOsm) and stored overnight. Next day the ghosts were collected by centrifugation 
(see below) and washed twice in 10 vol. of 10 mM Tris. HCI (pH 7.7 at 22 °C). 
The temperature during preparation varied between 4 and 8 °C. The final membrane 
suspension contained 10-20 g dry membrane per 1 suspension and was stored at 
--25 °C. 

CaZ+-hemolyzed membranes. In these preparations 1.5 mM CaCI2 was added 
to the hemolyzing buffer. This re~uited in the presence of Ca "+ during the who~e 
preparation ghich was perfoml~d as above. 

Centrifugation of membrane suspensions. 
"Ihe centrifugations were performed in a refrigerated Sorvall RC2-B centrifuge 

at 20 000 rev./min in two different ~ays. I. In capped polycarbonate tubes f(w 10 rain. 
II. In a Szent-Gy6rgyi-Blum continuous-flow device with a flow of about 50 ml/min. 
The last centrifugation involves a shear stress on the membranes when the suspension 
passes the border between the stationary and the rotating parts of the flow system [8]. 
Centrifugation of type II was used throughout the investigation, unless otherwise 
stated. 

Determination of ATPase activity 
The Mg2+-dependent activity was assayed [2] by measuring Pl liberated at 

37 °C in a basal medium of 3 mM Tris. ATP, 4 raM MgCI2, I mM EGTA, 70 mM 
Tris- HCI, and 0.5-I.0 g dry membrane per I medium, pH 7.25. The enzyme reaction 
was stopped by HCIO4 and Pl was measured by an isobutanc~l extractic,t method [9]. 
Tris. ATP was prepared by cation-exchange of NazATP" 3 H20 (Sigma) and sub- 
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sequent elution with 0.1 M Tris. The Cae+-stimulated activity was determined as the 
difference between the activity measured in the basal medium supplemented with 
CaCI,~ i.e. (Ca'+-I-MgZ+)-dependent activity, and the Mg'+-dependent activity. 
The unit of ATPase activity is pmol • rain-~ per g, dry membrane exclusive of 
hemoglobin. Protein constituted 51.1-4-0.4 ~o (S.E., 49 preparations) of the ~ry mem- 
brane (exclusive of hemoglobin). Max. 10 ~o of ATP was hydrolyzed and velocity of 
hydrolysis was constant during the enzyme reaction. 

[ Ca 2 + concentrations in solutions containing CaCle+EGTA 
The Ca" + concentrations were measured by ~:, calcium ion selectrode (Radiom- 

eter F 2112 Ca). The selectrode was calibrated at 8, 20, and 37 °C with various calcium 
buffers at an ionic strength of 0.1 M according to Rfl~itka et al. [I0] and with modifi- 
cations of these buffers adjusted to I = 0.03 M. The calibration curves (mV vs. pCa) 
were straight lines when the Ca 2 + concentratiom3 varied between 10-e.6 and 10-2.0 M. 

Methods of  analysis 
The determination of pH, dry matter, protein, hemoglobin, ATP, and calcium 

(atomic absorption) were performed as previously described [2, 8]. 

RESULTS 

Kinetics o f  the Ca 2 + activation of  Ca 2 + -stimulated A TPase 
CaS+-hemolyzed membranes. It was shown previously [2] that a Lineweaver- 

Burk plot of the Ca2+-stimulated AT~'ase activity vs. the Ca 2+ concentration during 
the ATPase reaction could be fitted by a linear regression if the erythrocyte mem- 
branes were prepare~l in the presence of Ca z+. However, including ATPase determi- 
nations at Ca 2+ concentrations below 2/~M the enzyme of CaS+-hemolyzcd mem- 
branes showed positively cooperative behaviour as indicated by a curved Linewcaver- 
Burk plot concave up (Fig. 1, curve B). This type of kinetics imply the existence of at 

" least two calcium-binding sites and will be referred to as type B. 
EGTA-hemolyzed membranes. The Ca 2 +-stimulated ATPase of EGTA-bemo- 

lyzed membranes showed also positively cooperative behaviour at low Ca' + concen- 
trations. In addition, another curvature could be detected (Fig. 1, curve A~. This 
curvature which is concave down was demonstrated previously [2] and corresponds 
to the plateau of the saturation curve A in Fig. 2 at Ca '+ concentrations between 10 
and 100/aM. A similar plateau has been described by Schatzmann and Ros,;i [11 ] 
i~vestigating CaS+-stimulated ATPase from crythrocyte membranes prepared in the 
presence of EDTA. Sigmoid Lineweaver-Burk plots as curve A in Fig. 1, were ob- 
tained in all our experiments (about 15, not shown) which include EGTArhemolyzcd 
membranes. 

Teipel and Koshland [18] showed that an intermediary plateau in saturation 
curves appears when the affinity for substrate first decreases, then inc:eases again 
with in~:reasing substrate concentration. In the case of EGTA-hemolyzed membranes 
such two shifts of~ffinity imply at le~.st three calcium-binding sites but the existence 
of one more site must be assumed to explain the positive cooperativity at the lowest 
Ca 2+ concentrations. This type of kinetics which imply the existence of at least four 
calcium..binding sites will be referred to as type A. 
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Fig. I. Lineweaver-Burk plot of  Ca z +-stimulated ATPase activity (v) vs. Ca 2 + concentration. Three 
experiments with different blood specimens. ATPase medium, 3 mM 'Ir is .  ATe,  4 mM MgCIz, I mM 
EGTA, 70 mM Tris • HCI, 0.5-1.0 g dry memhrane per i medium, various concentrations of  CaCI2, 
pH 7.25, O.  EGTA.hemolyzed membranes. Curve A depicts the r,~iprocal of  v calculated from 
Eqn. 2 (see text) with the stability constants Kt = K2 = K4 = 0.6, ~ s = 4. - 10- a ~uM- ~, V = 5.40 
/tmol • rain- t • g - t .  O ,  Ca2+-hemolyzed membranes. Curare B depict~ the reciprocal of  v calculated 
from the constants g t  --'/(2 = K3 = 0.85, Ka = 0.25 /tM - I ,  F' = 14.25 p mo l .  n~in -~ • g - L  
Vertical bars, -4-S.E. 
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Fig. 2. Saturation curve of  the experiments from Fig. I. v/Yvs. Ca 2+ concentration. Curves A and B 
depict v/Y calculated as in Fig. 1. 
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Enzyme model. The used enzyme model with n calcium-binding sites is shown 
in Eqn. 1: 

£t K2 Kn 
E _ " E X  x ----~ EX2 " ' ' - .  • EXn 

It" .. 1L" 
ES _ " E;gX .. " EeX2 ESX, (1) 

] 2k J. N~ 

product product product 

E, S, and X refer to the enzyme, the substrate (Mg-ATP), and the activator (Ca::+), 
respectively. Kt-K, and Ko are stability constants, e.g. K~ = [EXn]/[X] • [EXn_t] = 
[ESX~]/[X]. [ESXn_I] and Ko = [ES]/[E]. IS]. The brackets refer to concemra- 
tions, ES, EX,, and ESXn refer to complexes between enzyme, substrate, and activa'tor. 
For simplicity it is assumed that only one tool substrate is bound per tool enzyme but 
this is not necessarily true. According to Schatzmann [13] the activator: substrate 
ratio is one rather than any higher value. However, this is a minor point, as the 
model implies that substrate and activator bind to the enzyme independently of each 
other (cf. Wolf re f. 6). The rate constants k, 2k,.. . ,  nk are proportional to the number 
of mol X bound per tool enzyme. If it is assumed that the rates of equilibration 
between enzyn~e and substrate or activator are rapid relative to the rate of catalysis, 
the following expression c~.n be derived (cf. Teipel and Koshiand reL 12): 

v = V K, [XI+2KtK2fX] '+  .- .  +nKtK2 . . .  K, tX]" (2) 
n l + K t  [XI+KtK2[X] '+  . . .  +KIK2...Kn[X ]" 

v is the initial velocity of the enzyme reaction, and V is maximum velocity at a given 
substrate concentration. If one tool S is bound per mol E and E t refers to th~ total 
enzyme concentration, ~' is 

v = ,,kE,Ko [Sl (3) 
I+Ko[S] 

Curve fittino. In the present work the kinetic data of the Ca2+-stimflated 
ATPase have been fitted by the most simple enzyme model which is able to tit the 
results from both EGTA°hemolyzed and Ca2 +-hemoiyzed men,.branes, i.e. the model 
with n = 4. The curve fitting was performed by choosing appropriate values of 
stability constants, calculating v/V from Eqn. 2, and minimizing the sum of squares 
of the deviations between observed and calculated values by changing the constants. 

Figs. 1 and 2 show that the two calculated v-curves fit the data within the 
standard error of the means (a single point fits within two times S.E.). It is noticed 
that the four stebility constants used for the calculation of curve B are all of the same 
magnitude./(4 has to be 3-4 times smaller than ~he other constants to fit the points 
around a Ca "+ concentration of 10/,M. Three of the constants used for curve A 
are of the same magnitude as the constants of type B, whereas the magnitude of 
K3 has to be much lower to fit the points along the plateau of Fig. 2. Vis determined 
from Lineweaver-Burk plots as the interception on the vertical axis obtained by extra- 
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polation. Fig. 1 confirms that  V o f  EGTA-hemolyzed membranes is significantly lower 
than V o f  Ca2+-hemolyzed membranes [2]. As shown p~eviously [2] the ATPase 
f rom Ca2+-hemolyzed membrane.,; was inhibited by Ca 2+ 0oncentrations above 100 
p M  (not  shown in Figs. 1-5). The enzyme model  does not  account  for this phenom- 
enon.  

However,  the enzyme model  with n = 5 and n ----- 6 fitted th' .  data  just  as well as 
the 4-site model,  and in the case o f  Ca2+-hemolyzed membranes  even a 2-site model  
fitted the results. It is therefore not  possible to conclude anything about  the exact 
number  o f  calcium-binding sites except tkat  there is more  than one site per  tool o f  
enzyme and that  it is necessary to assume the existence o f  at least four sites to  explain 
the results obtained with EGTA-hemolyzed membranes.  The use o f  the 6-site model  
made the determination o f  the stability constants rather encertain because idemieml 
saturation curves were obtained whetl~er the low calcium-affinity was attributed to one 
or  to two sites. 

Accessibility o f  membrane-bound AT~'ase 
The ty,,~, o f  centrifugation influenced both  the maximum activity (V)  and the 

kinetics o f  membrane-bound Ca2+-stimulated ATPase (Fig. 3). Centrifuging Ca 2+- 
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Fig. 3. Lineweitvcr-Burk plot ofCa a +-stimul~t.'d ATPase activity (v) vs. Ca. z + concentrati~m in Cit z +- 
hemolyzed membranes prepared by two types of centnfugafion. Five e~periments with diff .'rent blood 
specimens. ATPase medium as in Fig. 1. O, centrifugation in capped tubes. Curve, reciprocal of v 
calculated from Eqn. 2 with the ~nstants KI = K2 ~ K, ~ 0.6, K3 ~ 3.10-a~uM - t ,  V ~  8.0 
pmol - min -1 • 8 - t .  O. centrifugation in con~auous.flow system. Curve, reciprocal of c caJculated 
from the constants/(1 ---- Ka ---- Ka = 0.85, K, = 0.15 ,uM -t, I t =  160 pmol .rain -~ .g"~. Vertical 
bars, -4-S.E. 
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TABLE I 

Ca2+-STIMULATED ATPase ACTIVITY AND GLYCEP,..~LDEHYDE 3.PHOSPHATE DEHY- 
DROGENASE ACCESSIBILITY IN RELATION TO TYPE OF CENTRIFUGATION DURING 
MEMBRANE PREPARATION 

ATPase was det~.rrained as in Fig. 1. Glyceralclehyde 3-phosphate dehydrogenase was determined 
according to Steck and Kant [14] and the highest activity in each experiment was fixed at 100. Three 
and six experiments with capped tubes and continuous flow system, respectively, with different blood 
specimer.s. Mean ±S.C. 

EGTA-hemolyzed membranes Ca 2 +.hemolyzed membranes 

Capped tubes Contint~ous flow Capped tubes Continuous flow 

c a  2 + -stimul~tted ATPase 
pmol • rain- l .  g-  t 7.7-4-1.9 8.1 ±0.9 8.9±3.2 16.5±0.8 

Glyceraldehyde 3-phosphate , 
dehydrogenase 

--Triton X-100 81 ±3 91 ±4  58 ±6  63 ±6 
+TritonX-100 75 ±9 100 68 ±6 68 +5 
~o Accessible 108 91 85 93 

hemolyzed membranes  in capped tubes  dur ing  the  membrane  preparat ion,  the  Ca  2 +- 
s t imula ted  ATPase  showed a reduced V and  enzym~ kinetics quite s;i~ilar to the  
kineticz o f  EGTA-hemolyzed  membranes  prepared by centrifugation in the  cont inu-  
ous-flow system (Fig. I curve A). The  ATPase  kinetics (not  shown)  and  V (Table I) 
o f  the  EGTA-hemolyzc~  membranes  were no t  chang¢¢i by centrifugation. Preliminary 
exper iments  showed tha t  t reatmenl with an Ul t ra-Turrax homogenisa tor  (20 000 
rev. /min for 3 0 s )  o f  Ca2+-hemol~vzea membranes  prepared in capped centrifuge 
tubes  increased the  m a x i m u m  ATPm;e activity and  changed the enzyme kinetics f rom 
type  A to B. 

It has  been suggested tha t  the  :tccessibility o f  the  erythrocyte ATPase  is reduced 
by the  presence o f  divalent  cat ions dur ing  hemolysis  [1, 2]. The  effect o f  the  con- 

TABLE II 

THE EFFECT OF BUFFER SHIFT DURING PREPARATION AND FREEZE-THAW TREAT- 
MENT OF MEMBRANES ON THE (Ca 2+ -t-Mg2+).DEPENDENT ATPase ACTIVITY. 

The activities include the Mg2+-dependent ATPase activity. Treatments: no buffer shift, hemolysis 
succeeded by two washings in 6.7 mM sodium phosphate (pH 7.4). Two experiments. Buffer shift, 
hemolysis succeeded by two washings in 10 mM Tris. HCI (pH 7.7 at 22 °C). Three experiments. 
Freeze-thaw treatment: membrane suspensions stored at --25 °C for 20 h. All the preparations were 
centrifuged in the continuous-flow system. The figures represent maximum activities (V). S.D. 2.61 
calculated by Bartlett's test. 

Membranes No buffer shift Buffer shift 

No freezing Freezing No freezing Freezing 

I':GTA-hcmolyzed pmol • rain - ~ • g-  l 7.7 9.7 8.0 7.6 
Ca2+-hemolyzed .umol • rain- ~ • g" t 7.4 15.8 17.3 16.5 
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tinuous-flow centrifugation or the Ultra-Turrax treatment might be to establlsh the 
accessibilityoi ATPase in the Ca2+-hemolyzed membranes. However, the type of 
centrifugation did not influence the accessibility of glyceraldehyde 3-phosphate 
dehydroge~aase (Table I) which serves as a marker of the inner surface of th,. ~ erythro- 
cyte ;lccording to Steck and Kant [14]. Concerning the effectors of this enzyme the 
four types ,3f membranes are all permeable. The assumed variations of ATPase acce~s'- 
bilities could therefore not be due to unspecific variations in membrane permeability. 
The differ, race of dehydrogenas,: activity between EGTA-hemolyzed and Ca 2+., 
hemolyzed membranes (Table I) might be due to differences in extraction of the~ 
enzyme during the membrane preparation (cf. Shin and Carraway ref. 15). 

I-Io~everj the effect of continuous-flow centrifugation on the maximum ATPase 
activity (V) of Ca2+-hemolyzed membranes was only found in [~reparations which 
include either freeze-thaw treatment or a shift from Pl to"Iris was~ing buffer (Table ~ T). 
The freeze.,thaw treatment is a wel l -known means to activate latent ATPase  activity 
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Fig. 4. Linewcaver-Burk plot o f  Ca=+.stimulated ATPase  activity (v) vs. Ca  =+ concentration during 
ATPase  assay in membranes  prepared as EGTA-l~emolyzed membranes  (cf. Methods) but  including 
various additions during hemolysis. The  Ca  2÷ concentrations were measured in the hcmolysates 
(mean i S . E . ) .  A';TPase medium as in Fig. l .  Additions: III, 1.5 m M  Mg =+. V =  6.4 .umol-rain  - t  • 
g - J. Two  experiments with different blood specimens. 4,, 1.5 m M  Mg:  + -I- 1.5 m M  Mg-ATP. V = 8.0 
/~mol • rain - 1. g -  1. The  loss o f  A T P  dur ing storage overnight  was insignificant. Same experiments as 
previous addition. I-I, 0.74-0.1 # M  Ca  2+. V = 7 .6 /Jmol  • m;n -1 • g - J .  Three  experiments with the 
same blood specimens as in Fig. 1. A ,  244-7 p M  Ca  =+. Y = 13.7 .umol • r a i n - 1 ,  g - l .  Same experi- 
ments as previous addition. The  curves depict reciprocal o f  v calculated f rom Eqn. 2 with the con- 
stants (expressed as # M - ~ ) :  a and  b, X~ = K= = K~ = 1.0, g ,  = 0.2~i. c, g t  = K2 = K ,  = 0.25, 
K~ = 4 • 10 -4.  d, K t  = Ka = K ,  = 0.3, K3 = 6 . 1 0  -4 .  Vertical bars, 4-S.E. 
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[16, 17]. The effect of buffer shift is probably to make the membranes permeable, just 
as a shift from P~ to Tris buff~:r makes the erythrocyte membranes permeable to 
ferritin in the presence of Ca 2+ [18]. As mentioned in Methods all preparations in 
this investigation included both buffer-shift and freezing-thawing (except in Table II). 
It might be pointed out that these treatments could not replace the continuo:ls..flog 
centrifugation (Fig. 3). 

Presence o f  Ca 2 +, MO 2 +, and ATP in addition to EGTA during hemolysis 
Fig. 4 shows no effect of the presence of Mg 2+ and ATP during hemolysi; 

(cf. Fig. 1, curve A) on the maximum activity and the enzyme kinetics of membrane- 
bound Ca 2 +-stimulated ATPase. However, the presence of  about 25/JM Ca 2 + durin~ 
hemolysis was sufficient to obtain high V and enzyme kinetics of  type B (Fig. 4]~. 
The presence of  0.7 pM Ca 2+ during hemolysis was sufficient to produce enzym~ 
kinetics of type B but V was strongly reduced (Fig. 4). The differences between t]j¢ 
kinetics of membranes hemolyzed in the presence of 0.7/~M Ca 2+ and in the presence 
of  1.5 mM Mg2+q-l.5 mM Mg-ATP, respectively, is remarkable, in as much as d~e 
maximum activities are equal. Iu addition, the kinetic differences are obvious from 
the Hill plot (Fig. 5) which shows a maximum slope (nx) of 1.5 in the membrawe 
preparations prepared in the presence of 0.7-500 IzM Ca 2+, whereas nH does not 
exceed 1.0 in membranes prepared in the absence of Ca 2 +. In two other experimental 
series including Ca 2 +-hemolyzed membranes (not shown) nx was 2.2 and 2.3, respe:- 
tively. These values of nH do not conflict with a multisite enzyme model. 

The reduction of the maximum ATPase activity of membranes hemoly.u;d 
in the absence of Ca 2+ may be due to a solubilization of the Ca2+-stimulated ATPase 
as reported by Weidekamm and Brdiczka [19], incubating erythrocyte membranes in 
the presence of EDTA and Mg-ATP. In addition, by the absence of Ca 2+ the kinetics 
of the residual membrane-bound ATPase changed from type B to A in contrast to the 
solubilized ATPase which showed Michaelis-Menten kinetics [19]. The r, eed of 
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Fig. 5. Hill plot of the experiments from Fig. 1 and 4. Identical symbols. In CaZ+-hemolyzed ment, 
branes from Fig. l the Ca 2+ concentration during ;~emolysis was S00/~M. The curves depict log 
(v/V--v)) calculated from Eqn. 2 with the constants (expressed as,uM-~): a, Kt = K2 =/~'3 = 1.0, 
K,~=0.25. c, Kt=Ka=K,=0 .25 ,  /(3----4.10 -'t. e, K : ~ K a = K , = 0 . 6 ,  Ka=4.10  -4. 
Dotted line, regression line with a slope of 1.5 based on the preparatio~ hemolyzed in the presence 
of Ca a+ (0.7-500 pM). 
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25/~M Ca 2+ to prevent reduction of F b u t  only 0.7/~M Ca z+ to prevent the change of 
kinetics suggests that  the kinetics of lnelubra~3e-bound ATPase is determined by 
caI~cium binding to a site with higher a~afity than the s~,te(s) responsible for the 
m~intenance of high II. 

Changing the properties of EGTA-hemo~yzed membranes 
The addition of Mg z+ and ATP during the first Tris-wash/ng of EGTA- 

hemolyzed membranes showed no significant effect on Ca2+~stimulated ATPase 
('fable IIl)  in accordance with the lacking effect of Mg 2+ and ATP during hemolysis 
(Fig. 4). However, all the additions including Ca 2+ lead to membrane preparations 
wldch showed ATPase kinetics ¢~f type B in spite of the hemolysis in the absence of 
C~'~ z+ (Table III). The maximum ATPase activity (V) of EGTA-hemolyzed mem- 
branes increased significantly only when Ca z+ was added in th :  presence of  Mg2+, 
• ~:fP, or high concentrations of hemolysate (Table Ill),  but reg~xding V the addition 
of C~ 2+ to membranes stored overnight in the absence of Cs 2"" (EGTA-hemolyzed 
membranes) could never replace the addition of Ca 2+ during 1he hemolysis (Ca z+- 
hemolyzed membranes). 

However, t~e presence of dialyzed, membrane-free hemolysate during the 
ATPase assay increased the maximum activity of membranes hemolyzed in the 
pre.~ence of  a r~,~dcium chelating agent, as previously demonstrated by Bond and 
Clough [20], leading to identical values of V in EGTA-hemolyzed and  CaZ+-hemo - 
iyzed membranes (Table IV). The enzyme kinetics of the EGTA-hemolyzed mem- 

TABLE Ill 

EFFECT OF ADDITION OF .•TP. Mg 2+, AND Ca 2+ DURING TH.E PREPARATION OF 
EGTA-HEMOLYZED MEMBRANES O1~.] Ca.~+.STIMULATED ATPase 

ATPase medium as in Fig. 1. S.D. 1.66, ~;alculated by Bartlett's test. 

Additions Number of V Enzyme 
experiments /~mol ~ min-I,  g- t kinetics 

Added during first Tris-washing 
None 8 5.8 A 
1.5 mM ATP 2 6.2 A 
0.5 mM Mg ~+ 2 5.9 A 
2.0 mM Mg z+ -t-1.5 mM ATP 3 8.1 A 
0.5 mM Ca 2+ 4 8.1 B 
2.0 mM C~2+-bl.5 mM ATP " 2 11.5 B 
0.5 mM Ca~+~l.5 mM Mg 2+ 2 11.0 B 
0.5 mM Ca2+-1-1.5 mM Mg2+-t-l.5 mM ATP 4 10.6 B 

Other adc~itlons 
First washi~tg with membrane-free 
hemolysate including 1.5 raM Ca z+, 
inst~ed of Tris.washing 2 9.7 B 
1.5 mM Ca 2+ added before first 
eentrifusation to EGTA-hemo~ysar~ 
which was stored overnight 4 11.7 B 

Ca 2 +,hem01yzed membranes 7 14.6 B 
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TABLE IV 

EFFEC ~ OF ADDITION OF DIALYZED, MEMBRANE-FREE HEMOLYSATES ON Ca. a+- 
STIMULATED ATPase DURING ATPase DETERMINATION 
ATPa~ medium as in Fig. 1. In the cases of additions the hemolysate made up l0 ~e of the medium. 
The hemolysates were prepared according to Bond and Clough [20]. S.D. 1.67 calculated by Bartlett's 
test. 

Additions Number of V/~mol • min -1 • g- t Enzyme 
experiments kinetics 

EGTA-hemolyzed membranes 
None 3 6.5 A 
Membrane-free EGTA.hemolysate 2 14.3 * 
Membrane-free Ca2 +-hemolysate 2 15.3 * 

Ca 2 +-hemolyzed membranes 
None 3 14.9 B 
Membrane-free EGTA-hemolysate 1 14.4 B 
Membrane-free CaZ +-hemolysate 1 15.2 B 

* Enzyme kinetics was neither typically A nor B and more experiments are needed for elucidation. 

branes activated by hemolysate was neither typically A nor B but seems to be in- 
fluenced by the hemolysate (not shown). The effect of membrane-£ree bemolysate was 
the same whether the hemolysate originated from EGTA-hemolysis or from Ca 2+- 
hemolysis (Table IV). The occurrence of  activator [20] in the hemolysate seems 
therefore to be independent of  the kinetic state of membrane-bound ATPase. The 
hemolysate showed no effect on the ATPase of Ca 2 +-hemolyzed raembranes (Table 
IV). 

DISCUSSION 

The preparations of Ca2+-stimulated ATPase showing enzyme kinetics of 
type A (cf. Results) include erythrocyte membranes prepared in the absence of Ca 2+ 
(Figs. 1 and 4) and membranes prepared in the presence of Ca 2+ using ordinary 
centrifugation in capped tubes (Fig. 3). ATPase preparations with similar kinetic 
properties have been described previously [2, 5, 1 i, 21, 22]. The characteristic fi.'atures 
of this kinetics have been ascribed to the presence of two different ATPase activities 
with high and low calcium-affinity, respectively. Quist and Roufogalis [5] suggested 
that  the high and low affinity originate from two distinct erythrocyte ATPases, 
whereas Schatzmann [4] considered that  the low affinity may represent an artifact. 
Figs. 1-4 demonstrate that the kinetic behaviour could be explained by the existence 
of one enzyme with four calcium-binding sites, one site having lower affinity than the 
others. In the enzyme model with six calcium-binding sites the low affinity might 
be attributed either to one or to two sites (cf. Results). However, the kinetics could 
also be due to a mixture of two or more enzymes, or subunits, as emphasized by 
Teipel and Koshiand [12]. 

The preparations of Ca2+-stimulated ATPase showing enzyme kinetics of  
type B (Figs. 1.-4) inclmle membranes prepared in the presence of Ca 2+ using con- 
tinuous-flow centrifugation which involves a shear stress on the membranes. The 
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B-kinetics implies that the calcium-binding sites all show high affinity leading to Km 
for Ca 2+ varying from 1 to 4/~M iq different preparations. This high-aFmity Ca 2÷- 
stimulated ATPase is membr~ne-bound and shows positively cooperative behaviour 
at low Ca 2+ concentrations (Figs. 1-5), in contrast to the solubilized high-affmity 
Ca2+-stimulated ATPase (Wolf et al. [23, 24], Weidekamm an~ Brdiczka [19]) 
which shows Michaelis-Mer ten kinetics. In addition, the membrane-bound A.TP~.se is 
inhibited by high Ca z+ co[:centrations [2] contrary to the soluhilized enzyme [19]. 
However, the solnbilized ATPase is probably identical with the membrane.bound 
enzyme, the properties of which may depend on its location in the membrane. 

The Ca2+-stimulated membrane ATPase prepared by Wolf [6] did neither 
show positively cooperative behaviour nor inhibition by high Ca 2+ concentrations. 
However, the specific activity of Wolf's ATPase was equal to that of Weidekamm and 
Brdiczka's solubilized A~[ Pase, i.e. 4-5 times higher than Vfound in our preparations, 
and Wolf's ATPase may therefore be more loosely attached to the membrane than 
our ATPase. 

Referring to the enzyme model the effect of the removal of Ca 2 + during mem- 
brane preparation could be explained by assuming that the affinity of one of the 
calcium-binding sites is reduced about 103 times. The question is whether the observed 
shift of affinity is an artifact or whether it represents a physiological response. A shift 
in vivo could be explained in two ways. 

Firstly, the ATPase may shift between a low-affinity or resting state character- 
ized by reduced activity of the calcium pump (cf. Schatzmann ref. 4) and a high- 
affinity or active state with maximum pump activity. In the resting state the intra- 
cellular Ca ~+ conccnt:ation may rise to a certain level, e.g. caused by some exte~al 
stimulus, before the ATPase shifts to the active state and subsequently rapidiy re- 
establishes the low intracelhilar Ca 2 + concentration. This shift might be provoked by 
Ca 2+. The whole reaction m~y represent a brief intracellular CaZ+-signal triggering 
various cell reactions as ~uggcsted previously [8]. 

Secondly, the shift of affinity may correspond to the phenomenon emphasized 
by Schatzmann [13] that the calcium pump must reduce its affinity for Ca 2+ during 
the outward transport through the membrane at least by a factor of 700. Ho~ever, 
this shift c¢,~-ld hardly be controlled by low Ca 2+ concemrations. 

In the membrane pr¢parations the shift of affinity depends not only on Ca z+ 
but also on type of centrifugation (Fig. 3), i.e. Ca 2+ and ~ontinuous-flow centrifuga- 
tion alike are necessary during preparation to obtain the high-att['mity state. The effect 
of centrifugation suggests that the shift of affinity is related to the concept of accessi- 
bility. It has been proposed that EDTA reduces the accessibility of the ATPase sites 
in erythrocytes because C~ 2+ enhanced the sensitivity of (Ca 2+ +Mg2+)-dependent 
ATPase to heat, trypsin and N-ethylmaleimide in EDTA-hemolyzed membranes [25], 
and because EDTA reduced the sensitivity of A'l'Pase to dinitrophenol stimulation 
[26]. If the ATPase is in the low-affinity state in b~th EGTA-hemolyzed and Ca z+- 
hemolyzed membranes before centrifugation, it is possible tl~Lat the continuous-flow 
centrifugation in necessary to make a regulatory A.TPase site accessible for Ca 2+, 
iesulting in the CaZ+Mependent shift of af~i ty  if Ca 2+ is present. However, it is 
difficult to understand the effect of centrifugation "n relation to the function of the 
inta~ erythrocyte, but the dependence of centrifugation may bt,' caused by the exposure 
to buffer-solutions of low ionic strength during preparation. Quist and Roufogalis [5] 
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reported that the low-affinity CaZ+-stimulated ATPase activity was favoured when 
ghosts were subjected to low ionic strength. 

The reduction of/I, as demonstrated in EGTA-hemolyzed membranes, may be 
in significant for the intact erythrocyte, because V was not reduced when the ATPase 
reacted in the presence of h.-molysate (Table IV). 

The strong influ~mce of the preparation method indicates that the kinetic data 
from Ca 2 +-stimulated ATPase have to be interpreted cautiously. It cannot be con- 
cluded whether one or more CaZ+-stimulated ATPases occur in the erythrocyte mem- 
brane until the nature of  the low-affinity ATPase activity has been clarified. However, 
it seems certain that Ot 2+ controls the properties of  the membrane-bound Ca 2+- 
stimulated ATPase in vitro, but the results suggest that this ATPase should be studied 
under more physiological conditions, e.g. concerning ionic strength and presence ,3f 
cellular constituents, in order to understand the function of the enzyme in vivo, 
including the role of Ca z +. 
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