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(1) Calmodulin-depleted red cell membranes catalyse a Ca 2 +, Mg 2 +-dependent ATP- I3HIADP exchange at 
37°C.  The Ca 2+, Mg2+-dependent exchange, measured at 2 0 / t M  CaCI2, 1.5 mM MgCI2, 1.5 mM ADP 
and 1.5 mM ATP, is comparable to the (Ca 2+ + Mg2+)-ATPase activity, between 0.3 and 0.8 mmol / l i t re  
original cells per h. (2) EDTA-washed membranes present a CaZ+-dependent A T P - A D P  exchange whose 
rate is not more than 7% of that found in a MgZ+-containing medium, while their CaZ+-dependent ATPase is 
essentially zero. Addition of 1.5 mM MgCi 2 to the medium restores both activities to the levels found with 
membranes not treated with EDTA. (3) Calmodulin ( 1 6 / t g / m l )  produces an eight-fold stimulation of the 
Ca2+-dependent A T P - A D P  exchange, slightly less than it stimulates the Ca2+-dependent ATP hydrolysis. 
The effect of 1.5 mM MgCi 2 on the exchange is greater in the presence than in the absence of calmodulin. 
(4) It is proposed that the reversal of the initial phosphorylation of the Ca 2 + pump, occurring at a fast rate at 
37°C,  involves a conformational change in the phosphoenzyme. Thus, it would be an ADP-iiganded 
phosphoenzyme of the form EP(ADP) that would experience the fast conformational transition at 37 o C. 
The great difficulty in producing an overall reversal of the Ca 2+ pump should then be due to one or more 
reaction steps later than and including Ca 2 + release and dephosphorylation. 

Introduction 

Red cells pump C a  2+ outwards against a very 
steep electrochemical gradient [1], coupling the 
translocation to a Ca2+-dependent ATPase activ- 
ity of their membranes [2]. The Ca 2+ pump has 
now been described in a number of other tissues 
and cells [3,4] and its activity can be greatly 
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stimulated by calmodulin (CAM) [5]. Purified pre- 
parations of (Ca2++ Mg2+)-ATPase can trans- 
port Ca 2+ in the presence of ATP when recon- 
stituted in artificial phospholipid vesicles [6]. 

It is currently accepted that the reaction cycle 
of the plasma membrane Ca 2+ pump occurs via 
the formation and breakdown of phosphorylated 
intermediates. The red cell pump is phosphory- 
lated by ATP in the presence of calcium ions, both 
acting at high-affinity sites [7,8]. The phosphoen- 
zyme thus formed (EaP) breaks down only slowly 
at 0 ° C, and a conformational change seems nee- 
essary to produce another form (E/P) which is 
hydrolysed at a rate compatible with the overall 
ATPase reaction [9]. Magnesium ions seem indis- 
pensable for this conversion and that may explain 
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Fig. 1. The red cell pump. 
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their requirement for ATP hydrolysis and Ca 2+ 
transport. This is represented by the external cir- 
cuit of Fig. 1. 

In the presence of ADP and Ca 2+, an increase 
in the dephosphorylation rate can be observed at 
0 ° C  [10,11], and this has been interpreted as a 
reversal of the initial phosphorylation. Since it 
seemed worthwhile studying this initial partial re- 

' action at 37 ° C, it was decided to find out whether 
a Ca2+-dependent A T P - A D P  exchange could be 
measured. A T P - A D P  exchange represents the 
steady-state expression of a reversible phosphory- 
lation and can be followed as the incorporation of 
3H label of [3H]ADP into ATP. The isotopic 
exchange should come to equilibrium when the 
specific activities of [3H]ATP and [3H]ADP be- 
come equal, i.e. when the fractional 3H in ATP 
equals the ATP concentration expressed as 
[ATP]/([ATP] + [ADP]). This 'relative ATP con- 
centration', which represents the equilibrium or 
infinity value for the exchange is, however, an ever 
decreasing value because of concomitant ATP hy- 
drolysis. To allow for this, [y-32p]ATP can also be 
introduced in the reaction medium, to measure the 
rate of  [32p]p i release simultaneously and in the 
same tubes [12]. 

According to the scheme which emerged from 
the phosphorylation experiments (outer circuit in 
Fig. 1), the partial reactions catalysing A T P - A D P  
exchange should be inhibited or unaffected by 
magnesium. The experiments in this paper were 
designed to test this prediction. A Ca2+-sensitive 

A T P - A D P  exchange could indeed be measured, 
but the Mg 2+ effect was exactly the opposite as 
expected. Calmodulin, besides, was found to pro- 
duce a large stimulation of the Ca2+-sensitive 
A T P - A D P  exchange. A possible explanation for 
these results is that the conformational change in 
the phosphoenzyme at 37 °C occurs mostly on a 
species which has ADP still bound to it. This is 
illustrated by the internal circuit in Fig. 1. Pre- 
liminary reports have been published [13,14]. 

Methods 

Experimental protocols 
Calmodulin-depleted membranes form human 

red cells were prepared from bank blood as al- 
ready described [15,16] and stored in aliquots at 
- 2 0  °C at an equivalent 200% haematocrit and in 
a solution containing (mM): Hepes 5 (adjusted to 
pH 7.4 with NaOH), MgC12 0.1. The ghosts were 
thawed just before use. If a MgE+-free condition 
was required, they were diluted with at least 10 
volumes of a chilled solution containing (mM): 
Hepes 5, EDTA 5 (adjusted to pH 7.4 with NaOH) 
and spun out for 30 min at 27000 × g  in a 15-ml 
polycarbonate tube (ray = 7.6 cm) at 5 -8°C .  The 
pellet was resuspended and washed twice with 
cold 5 mM Hepes (Na) (pH 7.4) and finally made 
up to an equivalent 100% haematocrit with 5 mM 
Hepes. The membranes then received CaCl 2 and 
ouabain (to inhibit the Na + pump), so that their 
final concentrations during the 37°C incubation 
were 20 #M and 0.1 mM, respectively. At this 
stage, the membrane suspension was divided into 
several lots which did or did not receive con- 
centrated solutions of MgC12 or calmodulin, so 
that their final concentrations were 1.5 mM and 
16/~g/ml,  respectively. When calmodulin was in- 
cluded, all suspensions were pre-incubated for 5 
min at 37°C, to allow plenty of time for 
calmodulin binding. 

Time-course experiments were carried out by 
mixing at timed intervals, at 37 ° C, the various 
membrane lots with (a) a solution containing ADP 
(plus [3H]ADP), ATP (plus [3,-32p]ATP), NaC1 
and KCI, made up in 5 mM Hepes (Na) (pH 7.4), 
so that the final concentrations were (mM): 1.5, 
1.5, 50 and 50, respectively, or (b) a similar solu- 
tion, but also containing EGTA to give a final 



concentration of 0.5 mM. 40 #l of the suspensions 
were sampled into microcentrifuge tubes at vari- 
ous times and the tubes were kept for 2 min in a 
boiling-water bath and cooled down on iced water. 
In the case of 'initials-and-finals' experiments, 
individual microcentrifuge tubes were filled on an 
ice bath with aliquots of the membrane lots and of 
the solution containing the nucleotides. The total 
volume was 40 #1. The 'finals' were transferred to 
the 37°C bath as the 'initials' were boiled, the 
'finals' being boiled after a 30 min incubation. In 
all experiments, the membrane contents in the 
final incubation represented 30% haematocrit on 
the original cells' volume. 

Processing of the samples 
The separation of nucleotides and Pi was done 

by thin-layer chromatography on fluorescent 
polyethyleneimine-cellulose sheets [17], after ad- 
dition of carriers (including AMP). To obtain 
consistent clear-cut separations: (a) the sheets 
(mounted on glass plates with double-sided tape) 
were scored to form tracks 15 mm-wide and the 
samples (15 #1) were applied with a piece of glass 
cover-slip, so as to obtain a broad thin band and 
(b) the rack with the plates were equilibrated for 
45 min in the sealed tank, suspended over the 
mobile phase (1.2 M LiCI), before immersing. To 
speed up the elution procedure, the eluant (0.7 M 
MgC12) was supplemented with 12.5 mM sodium 
acetate, the pH being adjusted to 5.5 with HC1. 
The cuttings were placed inside plastic scintilla- 
tion-vial inserts with 1.2 ml of this solution, and 
racks with the inserts were shaken mechanically 
for 30 s, inverted and shaken again; this routine 
yielded a quantitative recovery of radioactive label 
from test spots. The inserts were then centrifuged 
for 2 min at 3000 × g and 0.5-ml samples were 
withdrawn and mixed with 4.5 ml of a solution 
consisting of 8 parts of Biofluor (New England 
Nuclear) and one part of absolute ethanol. This 
system goes into one phase below 10°C in the 
scintillation counter. 

Each of the eluted fractions (ATP, ADP, and 
AMP/P i )  was counted for 3H and 32p in a Packard 
Tri-Carb Scintillation Spectrometer. The channels 
were set so that no 3H counts collected in the 32p 
channel; the 32p overspill into the 3H channel 
(about 1%) was measured each time with a 32p 
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standard, and the sample activities were chosen so 
that this correction did not represent more than 
about 20% of the counts in the 3H channel in the 
earliest ATP fractions. Whenever possible, 10000 
counts were collected. For the calculations, the 
[3H]ATP activity was expressed as a fraction of 
the total 3H counts recovered for the sample (i.e., 
the sum of 3H counts in the ATP, ADP and 
A M P / P  i fractions); likewise, the [32p]p i activity 
was expressed as a fraction of the total 32p in the 
sample. 

In a few instances, the TLC plates were scanned 
for radioactivity along the entire length of each of 
the sample tracks. A Panax Thin Layer Scanner 
(RTLS-1A), fitted with a windowless gas flow 
detector, was used to that purpose. 

Calculations 
In the case of progress curves, the rate constant 

for the back reaction of A T P - A D P  exchange ( k '  1) 
was obtained from plots of ln(1-Y/Yoo) vs. time 
(Eqn. 3 of the Appendix), where Yoo on the left- 
hand side is the relative ATP concentration (R = 
[ATP]/([ATP] + [ADP])). R was calculated with 
Eqn. 5, which allows for ATP hydrolysis with the 
aid of the 32p data. Thus, k '  1 is given by - R a y  
times the slope of the semilogarithmic plot, where 
Ray is the average relative ATP concentration 
during the experiment. For experiments with 'ini- 
tial' and 'final' tubes, the rate constant was ob- 
tained with Eqn. 7. The A T P - A D P  exchange ac- 
tivity was obtained by multiplying k '  1 by the 
ADP concentration and referred to the haematocrit 
(in terms of volume of original cells). Standard 
errors were estimated as described in the Appen- 
dix. 

Materials 
ATP (disodium salt) and ADP (free acid) were 

purchased from Boehringer Mannheim and all 
other biochemicals, including bovine brain 
calmoduhn, from Sigma. The thin-layer chro- 
matography sheets (Polygram, CEL 300 P E I /  
UV254) were from Machery-Nagel. [2-3H]ADP (22 
Ci /mmol  ) was bought from Amersham Interna- 
tional and the ['y-32p]ATP (10 C i /mmol  ) was pre- 
pared by a modification of the method by Glynn 
and Chappell [18], from [32p]orthophosphoric acid 
supplied by New England Nuclear. Working solu- 
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Fig. 2. Progress curves of AT P - [3H]ADP  exchange and ['t- 
32p]ATP hydrolysis of calmodulin-depleted red cell mem- 
branes, running simultaneously in the presence of 20 # M  
CaCl2, and 0.1 m M  ouabain. 'Total '  is meant  for the standard 
condition (see Methods); EGTA was at 0.5 m M  (final con- 
centration). (A) With 1.5 m M  MgCl 2. Upper  panel: incorpora- 
tion of 3H label from [3H]ADP into ATP, as per cent of the 
total 3H (i.e. 100×fract ional  [3H]ATP) in the 40 #l  sample. 
The curves have been drawn using Eqn. 6 with the parameters 
from the fitting of Fig. 3 and the lower panel of Fig. 2A. Lower 
panel: release of [32pIP 1 from ['t-a2p]ATP, as per cent of the 
total 32p in the sample. The straight lines' parameters were 
obtained by least-squares fitting. The linear regression coeffi- 
cients (hydrolysis rate constants, H)  as mean _+S.E., are 
( h -  1 ): 0.1640 -t- 0.0018 (Total), 0.0360 5:0.0019 ( + EGTA). Each 
point on the lower panel arises from the same sample as the 
corresponding point on the upper panel. (B) Other two pro- 
gress curves from the same experiment, but  run in the absence 
of MgCl 2 and plotted separately for the sake of clarity. All 
other conditions are similar, but  notice the expanded ordinate 
axes. From the linear regression coefficients in the lower panel, 
the hydrolysis rate constants,  calculated as mean 5: S.E., are 
( h -  1): 0.0056 5:0.0017 (Total), 0.0090 + 0.0028 ( + EGTA). The 
rate constants for A T P - A D P  exchange (obtained through plots 
similar to those of Fig. 3, as mean +S.E.  are ( h - l ) :  0.0063+ 
0.0007 (Total), 0.0030 :t: 0.0009 ( + EGTA). 
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tions were prepared by taking up the radioisotopes 
with the non-radioactive nucleotide solutions, after 
the 50% ethanol used for storage had been blown 
off by a stream of nitrogen. 

Results 

Fig. 2 and the first two rows of Table I show 
the result of one of several time-course experi- 
ments to reveal a CaE*-dependent A T P - A D P  ex- 
change and the effect of Mg 2÷ on it. Fig. 2A 
shows the results obtained in the presence of 1.5 
mM Mg 2÷ and Fig. 2B, those in its absence. The 
ATPase activities and their errors are calculated 
from the regression coefficients (and their errors) 
for the fitted straight lines in the lower panels in 
Fig. 2, from the ATP concentration (1.5 mM) and 
the final membrane concentration (30% heama- 
tocrit on the original cells). 

From Fig. 2A, it is evident that there is a 
sizeable Ca 2 ÷-dependent component of A T P - A D P  
exchange in the presence of Mg 2÷. It is also 
apparent that the two [3H]ATP curves tend to 
converge on each other towards the end of the 
incubation period. This effect is due to the high 
ATPase rate associated with the condition marked 
' total '  with respect to that marked ' +  EGTA' (cf. 
lower panel), which makes the upper exchange 
curve deviate in a downward direction, 'aiming' at 
steady decreasing equilibrium values on account 
of the decreasing relative ATP concentration. To 



visualize the true course of ATP-ADP exchange 
and obtain its rate constant, the data of the upper 
panel in Fig. 2A were replotted in semilogarithmic 
form for approach to equilibrium, whilst being 
corrected for hydrolysis (Eqn. 3 of the Appendix), 
and are shown in Fig. 3. Here y is the fractional 
[3H]ATP level and y~ is estimated by R, the 
relative ATP concentration, initially 0.5 in the 
present experiments. The declining value of R has 
been calculated for each sampling time in each 
curve with the aid of the ATP hydrolysis rate 
constant, obtained with the fitting in the lower 
panel of Fig. 2A. In calculating R by this means 
(see legend to Fig. 3), it is assumed that the ATP 
hydrolysis is linear with time during the incuba- 
tion period, which is justified according to the 32p 
data of Fig. 2A, and that no ADP is hydrolysed. 
The latter assumption seems also correct, because 
there was no consistent increase in the fractional 
[3H]AMP during the incubations and no fast- 
migrating species (adenosine, inosine) were de- 
tected in radioactivity scans of the TLC plates. 

Good linear fittings were obtained for the sec- 
ondary plots in Fig. 3. (The least-squares re- 
gressions on these semilogarithmic arrays give 
more weight to the smaller values of ( 1 - y / y ~ )  
but then they arise from the higher, and hence 
more reliable, y values). With the rate constants 
(k'_l) obtained from the slopes, the ATP-ADP 
exchange activities were calculated as described 
under Methods and the Ca2+-dependent compo- 
nents of both exchange and ATPase activities are 
shown on the first row of Table I. 

The other half of Expt. 1, with the same 
EDTA-washed membrane suspension but without 
added MgC12, is shown, for clarity, in Fig. 2B. A 
similar semilogarithmic transformation of the 
[3H]ATP data (not shown) led to the ATP-ADP 
exchange activities under ' -MgC12 '  in Table I; 
the ATPase rates were calculated as for Fig. 2A. 
Evidently, the Ca2+-dependent ATPase activity is 
essentially zero whereas, despite the large error 
attending such low rates, there is still a very small 
yet significant Ca 2 + -  dependent ATP-ADP ex- 
change (P  < 0.02). This can also be appreciated 
from Fig. 2B. But the more important and clearer 
conclusion is that 1.5 mM MgC12 produces a very 
large s t imulat ion of the Ca2+-dependent  
ATP-ADP exchange. 

1 . 5  mM MgCI 2 
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Fig. 3. Linear transformation of the A T P - A D P  exchange data 
of Fig. 2A (upper panel). The fractional [3H]ATP (percent 
value from Fig. 2A divided by 100) is y, and Yoo is each of the 
equilibrium values. ' Instant '  Yoo values were obtained as the 
product of the initial relative ATP concentration (0.5 in these 
experiments) and the breakdown factor ( 1 -  H- t ) ,  where H is 
the hydrolysis rate constant (in min -1)  and t is time in rain. 
Straight lines of the form l n ( 1 -  Y/Y¢o)  = a . t  + b were fitted 
by least squares. Rate constants were calculated from the 
regression coefficients (a)  and the average R value (Ray). The 
rate constants as mean _+S.E., are ( h - l ) :  0.2956_+0.0047 
(Total) and 0.2104 _+ 0.0027 ( + EGTA). 

The ATP-ADP exchange curves in Fig. 2 were 
drawn with Eqn. 6 of the Appendix, where a and 
b were the fitted parameters for straight lines as in 
Fig. 3, and H was the hydrolysis rate constant for 
the respective condition obtained from the lower 
panels of Fig. 2. Similar calculations showed that 
if the ATPase activity of the 'total '  curve in Fig. 2 
had been as low as that of the ' +  EGTA' curve in 
the same figure, the % [3H]ATP at 30 and 60 min 
would have been higher by 7.2% and 15.7% of the 
observed values, respectively. Because of the large 
Ca2+-independent component, this effect is mag- 
nified when considering the Ca2+-dependent % 
[3H]ATP difference; at 30 and 60 min, this would 
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TABLE I 

THE MAGNITUDES OF THE Ca2+-DEPENDENT 
ATP-ADP EXCHANGE AND ATPase ACTIVITIES AND 
THE EFFECT OF MgC12 

Enzymic activities in mmol/l  original cells per h (mean _+ S.E.). 
Summary of three time-course experiments to measure 
ATP-[ 3 H]ADP exchange and [ y- 32 P]ATP hydrolysis at 20 # M 
CaCl2, with and without 0.5 mM EGTA Expt. 1 is that of 
Figs. 2 and 3. In Expts. 2 and 3 there was no pre-wash with 
EDTA and the reactions were followed up to 30 min at 37 o C 
(seven time points). Where present, MgCl 2 was at 1.5 mM. 

MgCI 2 Ca2 +-dependent Ca2 +-dependent 
ATP-ADP exchange ATPase activity 

Expt. 1 + 0.426 + 0.027 0.655 + 0.013 
- 0.017 + 0.006 - 0.017 + 0.016 

Expt. 2 + 0.495+0.088 0.855_+0.033 
Expt. 3 + 0.608 _+ 0.138 0.848 _+ 0.033 

TABLE III 

THE EFFECT OF MgC12 WHEN THE EDTA WASH IS 
FOLLOWED BY TWO CaC12 WASHES 

Enzymic activities in mmol/l  original cells per h (mean _+ S.E.). 
After an initial EDTA wash (see Methods), the membranes 
were resuspended with 25 vols. of cold 1 mM CaC12, 5 mM 
Hepes (Na) (pH 7.4) and centrifuged for 30 min at 27000x g. 
After one more wash with this solution, the membranes were 
washed twice with cold 5 mM Hepes (Na) (pH 7.4) packed and 
resuspended with 5 mM Hepes. ATP-ADP exchange and 
ATPase activities were then measured in triplicate 'initials' and 
'finals' (0 and 30 rain), in the standard conditions. Where 
indicated, MgCI 2 was added to a final concentration of 1.5 
mM. 

MgCI 2 Ca 2 +-dependent Ca 2 +-dependent 
ATP-ADP exchange ATPase activity 

+ 0.807 + 0.029 0.943 + 0.025 
- 0.045 + 0.011 0.014 + 0.026 

h a v e  been  h ighe r  by  28% and  201% of  the  ob -  

se rved  d i f fe rences ,  respec t ive ly .  

I t  was  poss ib le  tha t  a M g  2+ r e q u i r e m e n t  for  

C a  2 + - d e p e n d e n t  A T P - A D P  e x c h a n g e  was  pecu l i a r  

to  t he  c a l m o d u l i n - d e p l e t e d  ( C a 2 + +  M g 2 + ) -  

A T P a s e .  The re fo r e ,  an  e x p e r i m e n t  was  d o n e  to 

f ind  ou t  w h e t h e r  M g  z+ was  still  r e q u i r e d  w h e n  the  

e n z y m e  was  be ing  s t i m u l a t e d  b y  c a l m o d u l i n .  I ts  

resu l t  is p r e s e n t e d  in T a b l e  II.  I t  is qu i t e  e v i d e n t  

tha t  1.5 m M  M g  2+ p r o d u c e d  a la rge  M g  z+ s t imu-  

l a t i on  of  the  Ca2+-sens i t ive  e x c h a n g e  in the  pres-  

TABLE II 

THE EFFECTS OF MgCI z AND CALMODULIN ON THE 
CaE+-DEPENDENT ATP-ADP EXCHANGE AND ATPase 
ACTIVITIES 

Enzymic activities in mmol/l  original cells per h (mean + S.E.). 
Both ATP-ADP exchange and ATPase activities were mea- 
sured in EDTA-washed membranes in triplicate 'initial' and 
'final' tubes (0 and 30 min), at 20 #M CaC12 and with and 
without 0.5 mM EGTA. Where indicated, calmodulin was 
added at 16 #g/ml  and MgCI z at 1.5 mM (final concentra- 
tions). CaM, calmodulin. 

Mg 2 + C a M  C a  2 +-dependent Ca 2 +-dependent 
ATP-ADP exchange ATPase activity 

- - 0.020+0.002 - 0.001 +0.017 
+ - 0.309 + 0.033 0.355 + 0.044 
- + 0.076 + 0.003 0.105 + 0.013 
+ + 2.500 + 0.140 4.944 + 0.076 

e n c e  o f  c a l m o d u l i n  ( b o t t o m  two rows),  even  g rea te r  

t h a n  in its absence .  H o w e v e r ,  c a l m o d u l i n  s t imu-  

l a t ed  the  C a 2 + - d e p e n d e n t  A T P - A D P  e x c h a n g e  

less t han  it d id  the  C a 2 + - d e p e n d e n t  A T P a s e  ac t iv-  

i ty  ( c o m p a r e  s econd  a n d  f o u r t h  rows).  Besides,  

the re  was  a smal l  b u t  s ign i f i can t  C a 2 + - d e p e n d e n t  

A T P - A D P  e x c h a n g e  b u t  no  C a 2 + - d e p e n d e n t  

A T P a s e  ac t iv i ty  in the  absence  o f  M g  2÷ and  

c a l m o d u l i n ,  c o n f i r m i n g  the  resul ts  o f  Fig.  2; the 

a d d i t i o n  o f  1.5 m M  MgC1 inc reased  b o t h  ac t iv i t ies  

to r o u g h l y  the  s a m e  level  (first  two  rows).  

F ina l ly ,  a poss ib i l i ty  tha t  the  M g  2÷ requ i re -  

m e n t  for  the  e x c h a n g e  m i g h t  h a v e  b e e n  a r t e f ac tua l  

was  cons ide red .  A n  a r t e fac t  cou ld  have  ar isen  if 

s o m e  of  the  E D T A  used  in the  w a s h  had  b e e n  lef t  

c o n t a m i n a t i n g  the  m e m b r a n e s  desp i te  the  subse-  

q u e n t  H e p e s  wash,  no t  j u s t  in the  pe l l e t ' s  t r a p p e d  

v o l u m e  (which  was  negl ig ib le)  but ,  pe rhaps ,  b ind -  

i ng  to the  m e m b r a n e s .  Th i s  c o n t a m i n a t i n g  E D T A  

c o u l d  have  c h e l a t e d  all o f  the  20 # M  C a  2+ a d d e d  

fo r  the  f inal  i n c u b a t i o n ,  excep t  for  a ve ry  smal l  

p r o p o r t i o n  b o u n d  to A T P  and  A D P .  Thus ,  wi th  

E D T A - w a s h e d  m e m b r a n e s  no t  r ece iv ing  supple -  

m e n t a r y  MgC12,  nea r ly  iden t i ca l  A T P - A D P  ex-  

c h a n g e  act iv i t ies  w o u l d  have  b e e n  obse rved  wi th  

a n d  w i t h o u t  0.5 m M  E G T A ,  i.e. a ve ry  smal l  

C a 2 + - d e p e n d e n t  c o m p o n e n t  w o u l d  have  been  
in fe r red .  W i t h  1.5 m M  M g C I  2 d u r i n g  the  f inal  

i n c u b a t i o n ,  however ,  the  b o u n d  Ca  w o u l d  have  



been released from EDTA by the Mg 2÷ mass-ac- 
tion. The released Ca 2 + -  either as such or because 
of its nucleotide complexes - would have sup- 
ported a large Ca2+-dependent A T P - A D P  ex- 
change, which might not have had a Mg 2÷ re- 
quirement, thus creating the artefact. To eliminate 
this possibility, the experiment presented in Table 
III was performed. In this case, two washes with 1 
mM CaC12 were interposed between the EDTA 
wash and the final Hepes wash. This procedure 
should saturate or release any 'bound'  EDTA 
which might otherwise have been saturated or 
released by Ca 2+ or Mg 2+ during the final incuba- 
tion. The results show a Mg 2+ stimulation of the 
Ca 2+-dependent A T P - A D P  exchange (and 
ATPase activity), which is comparable to that 
found with the other experiments. The Mg 2+ re- 
quirement seems, therefore, genuine. 

Discussion 

The experiments presented above demonstrate 
the existence of a caa+-dependent A T P - A D P  ex- 
change in red cell membranes at 37°C, activity 
which most likely represents a reversal of the 
initial phosphorylation of the Ca 2+ pump. They 
show, besides, that this A T P - A D P  exchange has a 
requirement, though not absolute, for Mg 2+ and 
that it can be stimulated by calmodulin. 

The method used includes a measurement of 
the ATPase activity concomitant with the ex- 
change for each of the experimental conditions, 
which is carried out simultaneously and in the 
same tubes. The importance of the appropriate 
correction for hydrolysis is borne out by compar- 
ing Figs. 2A and 3; the situation would have been 
worse for a case of just initial and final observa- 
tions. It is not possible to predict when can a 
correction be dispensed with, since no safe corre- 
lation between A T P - A D P  exchange and ATPase 
activity can be assumed when one is subjecting the 
system to various manipulations. The only accep- 
table alternative may be to keep the level of 
hydrolysis well below, say, 5% and ensure that it is 
the same for all the conditions to be compared. 

The Mg 2+ effect on A T P - A D P  exchange is at 
odds with the published observations of its effects 
on phosphorylation and dephosphorylation at 0 o C 
(depicted by the external path of Fig. 1). Rega and 
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Garrahan [10] and Schatzmann and Biirgin [11] 
have described an increase in the dephosphoryla- 
tion rate caused by ADP in the presence of Ca 2 +, 
presumably due to reversal and ATP resynthesis. 
The first authors found that such ADP-induced 
dephosphorylation occurred at the same rate 
whether or not 0.5 mM Mg 2+ was present during 
phosphorylation, and this should have resulted in 
a lack of effect of Mg 2+ on the Ca2+-dependent 
A T P - A D P  exchange. The Mg 2÷ requirement for 
ATP hydrolysis at 0 °C  seems to arise during the 
interconversion of both phosphoenzymes, and not 
later, because the dephosphorylation rate is not 
affected if Mg 2+ is removed from the medium 
simultaneously with the onset of dephosphoryla- 
tion [9]. 

The present results could be reconciled with the 
phosphorylated intermediate cycle if it is assumed 
that, at 37 o C, the conformational change in the 
phosphoenzyme occurs while ADP is still bound 
to it. This is represented by the internal circuit in 
Fig. 1, where Mg 2÷ appears having the same effect 
on the conformational change of EIP(ADP ) as in 
the transition of ExP. The small Ca2+-sensitive 
A T P - A D P  exchange observed in the absence of 
Mg 2+ (Fig. 2B and Tables I - I I I )  could then be 
ascribed to some flux still taking place at 37°C 
through the external path. 

Rega and Garrahan [10] found a rate constant 
for (ADP + Ca2+)-induced dephosphorylation at 
0 ° C  of between 0.4 and 0.5 s -1. From Tables 
I - I I I  of the present results, an average Ca2+-de- 
pendent, Mg2+-independent A T P - A D P  exchange 
activity of 0.027 mmol/1 original cells per h can 
be calculated. If one assumes a pump density of 
about 1000 sites per red cell [9,3] and a much 
larger proportion of EIP than E 1 in the Mg2+-free 
steady state, the backward-dephosphorylation rate 
constant ( k  1) in the absence of Mg 2÷ works out 
as 0.5 s -1. As this is in close agreement with the 
figures obtained at 0 o C, it is tempting to hypo- 
thesize that whereas the rate of ADP re-binding to 
EIP changes little or not at all with temperature, 
what increases very much at 37 o C is the reversible 
flow along EIP(ADP ) ~ E2P(ADP ) ~ E2P + 
ADP. This flow should increase from a value 
difficult to detect at 0°C,  say 10% of the rate 
through the external circuit, to between 15 and 30 
times that rate (Tables I-III) .  This 300-fold in- 
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crease would imply a Q~0 in the region of 4 to 5 
for the rate-limiting step along the internal circuit, 
i.e. an activation energy of up to 108 kJ /mol .  In 
studies on the temperature dependence of Ca 2+ 
transport, an upper value of 104.6 kJ /mol  has 
been reported [19]. 

The proposed new path for the reversible phos- 
phorylation at 37 °C  implies an alternative route 
for the overall ATPase and transport cycles. If the 
internal circuit were preferred for the overall 
ATPase reaction at 37°C, the release of ADP, 
Ca 2+ (to the external medium) and Pi would all 
occur from an E 2 conformer of the enzyme. 

The CaCI 2 concentration was kept at 20 #M in 
the present study, in order to avoid possible self- 
inhibi tory effects at higher concentrat ions 
(Wiithrich, quoted by, and Fig. 5 of, Ref. 3). The 
reversal of phosphorylation promoted by ADP at 
0 °C  does not seem to require a much higher Ca 2+ 
concentration [10,11]. This raises the question as 
to why a Ca 2+ requirement for reversal in those 
experiments, since much higher concentrations 
would have been required if low-affinity external 
Ca 2+ sites had been involved [20]. Unless, of 
course, E~P were also able to release Ca 2+, from 
sites of intermediate affinity. In the case of the 
A T P - A D P  exchanges experiments, one would ex- 
pect, at least, a high-affinity Ca 2+ requirement 
because of the phosphorylation reaction. And since 
a high exchange rate was observed at just 20/~M 
CaC12, it is possible that calcium ions are released 
relatively slowly from E2P, giving ADP ample 
opportunity to bind again before Ca 2+ is lost at a 
low concentration to the 'external' medium. From 
the close correspondence of A T P - A D P  exchange 
and ATPase rates in the presence of Mg 2+, it 
seems that the chances for E2P to proceed for- 
wards or backwards are nearly equally poised in 
these conditions. 

The stimulation of the Ca2+-dependent  
A T P - A D P  exchange by calmodulin was not unex- 
pected, since this peptide accelerates phosphoryla- 
tion as well as dephosphorylation at 0 °C [15]. But 
there seems to be an additional effect, because 
Mg 2+ produced a 15-fold stimulation of the 
Ca2÷-dependent A T P - A D P  exchange in the ab- 
sence of calmodulin, while it stimulated by a 
factor of nearly 33 in its presence (Table III). It is 
then possible that, besides Mg 2+, calmodulin also 

accelerates the conformational transition in the 
phosphoenzyme. What is clear is that up to that 
point all steps are readily reversible; the great 
difficulty in producing an overall reversal of the 
Ca 2+ pump [21,22] should then be due to quasi 
irreversible steps involving E2P(Ca ) and later en- 
zyme forms. 

Appendix 

A generalised case for A T P - A D P  exchange 
reactions can be stated as 

kl  
A T P + E  ~ EP+ ADP (1) 

k 1 

where EP represents the sum of all enzyme forms 
reacting with ADP and E of those reacting with 
ATP. 

If the appearance of [3H]ATP as a fraction of 
total 3H (henceforth called y)  is measured against 
time and 3H is distributed only between [3H]ATP 
and [3H]ADP 

d y =  
dt k ' - l"(1-y)-k~'Y (2) 

where the operational rate constants are defined 
as k'_ 1 = k_IEP and k~ = klE. The solution is 

( Z) In 1 -  y = - -  - 1 . t + b  (3) 
Y~ 

where - k ' l / y  ~ is the slope a of the straight line 
and b is a constant. At t = too, the specific activi- 
ties of [3H]ATP and [3H]ADP must be equal 

Y~o 1 -  y .  
[ATP] [ADP] 

and 

[ATP] - R (4) 
Y~ = [ATP] + [ADP] 

and hence y~ represents the 'relative ATP con- 
centration' (R). If the nucleotide concentrations 
are constant, Eqns. 3 and 4 will suffice. However, 
because of the ATPase activity y~ steadily 
decreases. If the ATP hydrolysis is linear with 
time during the observation period (up to, say, 



20% hydrolys is )  

R= Ro.(1- H.t ) (5) 

where  R 0 is the ini t ia l  relat ive A T P  concen t ra t ion  
and  H is the  hydrolys is  rate  cons tan t  (min-X).  
The  la t ter  can be ob t a ined  by  regressing the re- 
lease of  [32p]p i f rom [y-32p]ATP l inear ly  agains t  

t ime. 
The  y~ on  the s lope term of  Eqn. 3 can be the 

average R for the observa t ion  per iod  (Ray).  The  
s t anda rd  er ror  on  k'_ 1 can  be  es t imated  f rom the 
er ror  on the regression coeff icient  of ln(1 - y / y ~ )  
vs. t ( the coeff ic ient  of  var ia t ion  (C.V.) on Rav is 
smal l  c o m p a r e d  to the C.V. on k ' _  1 and can be 
ignored) .  W i t h  progress-curve  exper iments ,  how- 
ever, it  is no t  readi ly  appa ren t  how the cont r i -  
bu t i on  of  the error  on R (for each t ime-poin t )  
should  be cons idered  for assessing the error  in 

k'_ 1. 
The  f i t ted pa rame te r s  H,  a and  b can now be 

used to recons t ruc t  the progress  curve for 
A T P - A D P  exchange.  F r o m  Eqns. 3, 4 and 5 

[3H]ATP =100 R0(1-  H . t ) ( 1 -  e a't+b) (6) 

Al ternat ive ly ,  Eqn. 2 can be in tegra ted  be tween 

l imits  

(1-(y~/y~) ) k' --1 
In "~-(Y2/Yoo) =-~-~ "(t2- tl) (7) 

Eqn. 7 can  be used to s tudy the reac t ion  with 
' i n i t i a l '  and  ' f ina l '  tubes.  In  this case, Yoo in the 
n u m e r a t o r  mus t  be  rep laced  by  R 1 (at  q )  and  in 
the d e n o m i n a t o r  by  R 2 (at  t2). The  r igh t -hand ' s  
Yoo can be Rav. I t  is now poss ib le  to cons ider  the 
var iance  in t roduced  by  the A T P a s e  da t a  in the 
es t imate  of  the error  of k'_~, ma in ly  th rough  the 
R 1 and  R 2 terms. I f  the p r o p a g a t i o n  of  the error  
is assessed with the reduct ion  fo rmula  (6) of  
Wi lk inson  [23], the coefficient  of  var ia t ion  on k'_ 

is given by  

C.V,(kt 1) = ~ / ~  + C (8) 

where  

{ SE2 + t2"h2 1 
A i ( l-Y/)  2 ~ yi 2 ( 1 - ~ . t i )  2 ] 

(8a) 
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• 2 / 1 - r 1 ~  
B = m ~ 1_--~2 ] and (8b) 

C h2'(At)2 (8c) 
(2 -  H ' A t )  2 

being  At = t 2 - tx, y = f rac t ional  [3H]ATP, SE = 
S.E. on y,  H = hydro lys i s  ra te  cons tan t  (min -1 ) ,  
h = S.E. on H,  Y/= yi/Ri and i = 1 ( ini t ials)  or  2 
(finals).  H is now ca lcula ted  f rom the ini t ia l  and  
f inal  f rac t ional  [32p]p i. 

No te  added in Proof :  (Received 30 March 1987) 

On  the basis  of  dephosphory l a t i on  exper iments ,  
N a k a m u r a  et al. ((1986) J. Biol. Chem. 261, 
3090-3097)  have recent ly  p roposed  a b r anched  
pa thw a y  s imilar  to that  of  Fig. 1, for the sa rcop-  
lasmic  re t iculum ca lc ium pump.  
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