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An assay for the Ca pump ATPase of intact human red blood cells (RBCs) was developed. The assay utilized a small volume 
(typically 10 pA) of packed RBCs in l ml of a buffer of known composition. The assay was based on the exposure of intact RBCs 
to the ionophorc, A23187, in the presence of Ca. Such exposure caused a rapid degradation of ATP in RBCs. This degradation 
process is modeled in a num,,-rical simulation in a companion paper (Vinccnzi, F.F. and Hinds, T.R. (19921 Biochim. Biophys. 
Acta 1105, 63-70). The loss of ATP followed pseudo-first-order kinetics, and the rate constant for ATP degradation was taken as 
a measure of the capacity of the Ca pump ATPase. A number of variables were cx~,mined to optimize the activity of the ATPasc. 
The~  variables included the concentrations of Ca and A23187. Because A23187 can promote loss of cellular Mg, it was 
necessary to include MgCI, in the incubation medium to optimize ATPase activity. Likewise, it was determined that inclusion of 
iodoacetic acid optimized the rate of ATP loss. presumably by preventing the resynthcsis of ATP from ADP and inorganic 
phosphate. Cobalt inhibited the ionophore-dependent loss of ATP by apparent competition with Ca fi~r binding to A23187. 
Results of many assays demonstrated substantial differences in the talc constant for ATP loss in RBCs from different 
individuals. RBCs were selected according to density. Density associated loss of Ca pump ATPase activity was observed both by 
the intact RBC assay, and by assay of Ca pump ATPase activity in saponin lysa~cs of RBCs. The correlation coefficient between 
the two assays wa~; 0.93. It is suggested that the rate constant for ATP loss in in,act RBCs exposed to A23187 and Ca can be 
taken as a measure of the Ca pump ATPase activity. This may be useful when i.,,olatcd membrane ATPase assays fail (e.g., dog 
RBCs). The intact cell assay can also be carried out on very small volumes of cells and may be of particular value when RBC 
volumes arc limited. 

Introduction 

All eukaryotic cells, including red blood cells (RBCs) 
contain in their  plasma membrane,  a Ca pump that  
maintains  low intracel lular  free Ca 2+ (in this and the 
companion paper  we will use 'Ca '  to specify calcium 
without  part icular  referenc,, to its free or ~ountl s tatus 
and 'Ca  :+" to refer  to free ionic calcium). Ca active 
t ransport  is based on the activity of a membrane-bound 
(CaJ++ Mge+)-ATPase [2,3]. Activity of the Ca pump 
ATPase  is increased by the binding of calmodulin 
(CAM) at the inner membrane  surface [4,5]. The ATP- 
ase has been assayed in membranes  from RBCs [2], or 
in saponin lysates [6,7]. However, certain species (e.g., 
dog) do not exhibit Ca pump ATPase activity: in iso- 
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latcd membranes  [8], a l though it is clear  that  dog 
RBCs actively t ransport  Ca [9]. Thus, membrane  isola- 
tion may cause loss of Ca pump ATPase  activity. 

To assay the Ca pump ATPase  with a small volume 
of human RBCs, with a minimum of manipulat ion and 
without  membrane  isolation we have taken a different 
approach. We present  here an assay based upon uti- 
lization of ATP by the Ca pump ATPase  ,ff intact cells. 
This is dependent  on application of the divalent cation 
ionophore,  A23187, to intact cells [10]. Other  workers 
have reported that  ATP is lost from cells exposed to 
Ca "-+ and A23187 [11,12], but  the rate of loss was not 
quantified. Here we demonstra te  that ATP is con- 
sumed in human RBCs in a Ca -'+ and A23187 depend-  
ent  manner,  that the consumption is rapid and follows 
pseudo-first-order kinetics. The ATP is consumed 
mainly by the ' ionophore-short-circuited '  plasma mem- 
brane Ca pump ATPase.  As shown in a companion 
paper  [1], the rate constant  for ATP consumption may 
be taken as an est imate of the Ca pump ATPas¢ 
activity in intact cells. A similar  assay system was 
applied to intact dog RBCs [10]. Preliminary results of 



similar dala with human RBCs appeared in abstract 
form [13]. 

Materials and Methods 

Iodoacetic acid (IAA) and ouabain were obtained 
from Sigma Chemical Cuinp~,ny. Luciferin-luciferase 
was purchased from Los Alamos Diagnostics. Ficoll- 
Paque was obtained from Pharmacia, and A23187 was 
purchased from Calbiochem. Chemicals were analytical 
reagent grade. 

Fresh RBCs were obtained from nine healthy hu- 
man subjects by venipuncture. Heparinized blood was 
washed three times witi~ cold saiiu¢, with careful re- 
moval of the buffy coat by aspiration to minimize RBC 
removal. The cells were then layered on Ficoll-Paque 
and centrifuged and cells were washed two more times 
with saline. Packed cells (85-90% hematocrit) were 
stored on ice until assayed. Assay of Ca pump ATPase 
in RBC saponin lysates was as described [14]. in some 
cases, 'top' and 'bottom" RBCs were separated accord- 
ing to density [15] in small glass tubes (SMI pipet 'D'  
tubes) in a microhematocrit centrifuge. We selected 
top and bottom populations of RBCs following 30 min 
centrifugation by cutting the top and bottom parts of 
the glass tube, respectively, after scoring with a dia- 
mond scribe. Packed RBCs in the short segments of 
glass tube were washed out using saline. By this method, 
the 'top' and 'bottom' cells represented approximately 
the 7% least and 7% most dense RBCs, respectively. 

For assay of the Ca pump ATPase activity in intact 
cells, washed RBCs (10 g.I) were added to 1.0 ml of 
buffer and pre-incubatcd for 5 rain at 37°C. The buffer 
usually contained 20 mM Hepes (pH 7.4), 140 mM 
KCI, 2 mM MgCI2, 1 mM IAA, 0.1 mM EGTA and, 
when added, 0.2 mM CaCI z. Ca 2+ was approximately 
10 -4 M when CaCI2 was added. Ouabain, 0.1 mM was 
included in some experiments. IAA was made up fresh 
daily and was added to the cells at the time of pre-in- 
cubation. Following pro-incubation, at time zero 10 p.I 
of A23187 in ethanol was added to the suspension to a 
final concentration of 3.8/xM (unless otherwise noted) 
while 'vortexing'. Incubation at 37"C was continued 
with removal of 10-/tl aliquots every 2 rain for 10 rain 
(or as noted). Aliquots were immediately diluted in 1.0 
ml of a lysing solution consisting of 0.5 mM MgSO~ in 
10 mM Tris buffer (pH 7.75). Then, 15/.tl of the lysed 
aliquot of RRCs was added to 40 t~l of solution con- 
taining lucifcrin-luciferase in 0.25 mM MgSO4 in 5 mM 
Tris buffer (pH 7.75), in a Packard luminometer. The 
lysis and dilutions were performed to: (1) release ATP 
from the RBCs (this made ATP available for assay and 
also stopped the ATPase reaction by diluting the ATP 
in the large extracellular volume), (2) provide appropri- 
ate ionic conditions for the luciferase and (3) set the 
amount of ATP in the range in which the assay was 
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sensitive and linear. A23187 exerted no effect on the 
luminometry assay, in most experiments, the ATP con- 
tent of cells was not determined on an absolute, but 
rather on a relative scale to the best fit calculated 
initial ATP concentration, in the presence of A23187, 
ATP levels in the RBCs declined rapidly with pseudo 
first order behavior. The data were fitted with a first- 
order equation from which the rate constant was esti- 
mated. 

RBC volumes were determined using a Coulter 
model Zn~ cell counter and Channelyzer. Free Ca z* 
levels in buffer solutions were measured by a Ca e+ 
electrode [16]. ATP standardization was carried out by 
standard additions to the samples. Cottcentrations of 
ATP in standard solutions were determined by ab- 
sorbance at 260 nm, with a millimolar absorption coef- 
ficient of 15.4. 

For determination of cellular Mg, 20/i.I of cells was 
added to 4.0 ml of a solution containing LaCI3, 10 rag, 
SrCIz, 10 mg per liter in 0.1 M HCI with 1000 ppm of 
NaCI added. Following mixing and centrifugation at 
3000 x g at room temperature, the superaate was as- 
sayed for Mg using standard atomic absorption spec- 
troscopy using Mg standards in the La /Sr  diluent. 

Results 

The A:.'P concentration in intact RBCs was found to 
be !.35 :i: 3,40 mmol/I packed cells (n = 4). With added 
A23187 (3.8 /zM~, there was rzpid pseudo first order 
loss of ATE Typical data (Fig. 1) demonstrate that 
ATP was stable in RBCs in the presenc', of 5 mM 
EGTA, with A23187. By sharp contrast, rapid and 
pseudo-first-order loss of ATP occurred in RBCs ex- 
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Fig. I. Dependence on Ca and A23187 of  the Ca pump ATPase of  
intact RBCs. Data are presented as a scmilogarithmic plot of  the 
ATP cooteut, normalized to the ATP content at time zero, One 
control determined in the absence of added extracellular Ca and 
with 5 mM EGTA and in the presence of A23187 (13 El). and 
assays of activity in samples from three different individuals are 
shown (ethel symbols). In each ease the data were fitted with an 
exponential and :he correlation coefficient was > 0.99. Thc slopes of 

the lines were the estimated rate constants, expressed as rain - I 



posed  to  A23187 (3.8 p.M) in the presence  of  10 -4 M 
Ca  2+. Substant ia l  inter- individua! dif ferences  were ap-  
pa ren t  in RBCs  f rom different  subjects. Such differ-  
ences  a re  consis tent  with inter-individual  var iat ion ob- 
served using R B C  saponin  lysates and  isolated R B C  
m e m b r a n e s  in ou r  l abora tory  over a n u m b e r  o f  years  
[7]. U n d e r  condi t ions  o f  this assay, the ra te  o f  loss of  
A T P  was not  significantly different  in the presence  or  
the  absence  o f  0.1 mM ouaba in  (not shown).  It was  
previously de t e rmined  tha t  when  rite A T P  level is very 
low then  the re  is significant deviat ion f rom pseudo  first 
o r d e r  [110]. We rout inely  limited the loss o f  A T P  to 
90% of  the original .  

The  ra te  cons tan t  for  A T P  loss in the intact  cell 
assay was  i ndependen t  o f  the concen t ra t ion  of  RBCs  in 
the med ium be tween  5 a n d  20 #1 (da ta  not shown).  
Thus ,  the ra te  cons tan t  should hot be in te rpre ted  as a 
specific activity in the usual  st:nse. Total  A T P  meas-  
ured  at  t ime zero  was  d e p e n d e n t  upon  the total a m o u n t  
o f  cells, (not  shown),  but  the ra te  cons tan t  for  A T P  loss 
was  not  significantly different  at an:, R B C  amoun t  
tes ted ( P  > 0.05). 

As  seen in Fig. 2, the ra te  of  A T P  uti l ization was 
d e p e n d e n t  on the a m o u n t  o f  A23187 up  to 1 # M  at  
which concent ra t ion ,  the ra te  of  uti l ization o f  A T P  
became  limiting; The re  was  no statistically significant 
dlfferenc~: in rate:: be tween  1 # M  a n d  10 # M  A23187 
( P > 0 . 0 5 ) .  The  usual concen t ra t ion  of  A23187 em- 
ployed in the assay was 3.8 p..M. Thus ,  the concen t ra -  
t ion o f  A23187 used in most  assays was  not limiting. 
The  results  also show that  the ra te  o f  Io,;s o f  A T P  was 
small in the absence  o f  a d d e d  A23187. 

The  d e p e n d e n c e  of  the ra te  of  A T P  loss on  Ca  -'+ in 
the incubat ion  med ium was examined  in the presence  
o f  0.2 mM E G T A  in the suspension buffer  with var ious  
concen t ra t ions  o f  a d d e d  CaCI2 tFig.  3). Resul ts  
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Fig. 2. Dependence on A23187 of the Ca pump ATPase of RBCs. A 
dilute suspension of washed RBCs was preincubated at 37°C for '~ 
rain before the additi')n of different concentrations of A23187 in 
ethanol. The final concentration of ethanol was less than 3% in this 
series of assays, as contrasted with I% in the ustlal assay. Results 
based on the means of blood samples from three different individu- 

als. Vertical bars represent + S.D. 
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Fig. 3. Dep~.ndence on several divalent cations of the Ca pump 
ATPase of intact RBCs. RBCs in the medium containing various 
concentrations of Ca, Sr or Mn were incubated at 37°C for ~ rain 
before the addition of A23187. Free Ca-" was altered by varying 
CaCI_, with added EGTA (I).2 mM). Free Ca-" ( e - - e )  was 
determined by Ca electrode. The apparent half-maximal and maxi- 
mal concentratbms of Ca -'+ were 6. !(l " M and I. I1)- 4 M. respec- 
tively, and there was a prominent "rollover' of activation at 10 -3 M 
Ca"" (n=21. Sr ( M - - I l l )  (n=31 did. but Mn ( a - - a )  

(n = I', did not act!~ale the ATPase. 

demons t r a t e  tha t  the usual  concen t ra t ion  of  10 -4 M 
Ca "-+ in the incubat ion  mixture  p romoted  nea r  maxi- 
mal act ivat ion o f  A T P  loss. Half-maximal  act ivat ion 
was at  abou t  3"  10 -r '  M Ca 2+. Sr act ivates the Ca  
p u m p  A T P a s e  o f  isolated m e m b r a n e s  and  is t rans-  
po r t ed  by the Ca  p u m p  of  intact cells [2,17.18]. Sr (10 
mM)  in the incubat ion  med ium p r o m o t e d  maximal 
act ivation o f  A T P  loss in the absence  of  Ca.  Thus ,  Sr 
could  replace  Ca  in the assay o f  the Ca  p u m p  ATPase  
o f  intact cells in the presence  o f  Mg. Sr was  as effective 
as Ca  but  its po tency  was approximate ly  5(10-times 
lower than  that  o f  Ca.  By cont ras t  with 8r,  Mn did not  
p romote  activation of  A T P  loss (Fig, 3). 

The  loss o f  A T P  of  intact RBCs  was inhibi ted by the 
addi t ion  o f  CoCI 2 in the presence  of  the ionophore  
(3.8 p.M) a n d  C a C I ,  (0.1 raM). with half-maximal inhi- 
bitio,t occur r ing  at  3.3 p.M CoCI , .  Addi t ion  of  three  
times less ot five t imes more  than  normal  A23187 
shif ted the c o n c e n t r a t t o ,  ~'ffect curve; to the left with a 
CoCI2 ICs,  value of  1.9 p.M, ot to the r ight with a 
CoCI 2 IC.~, value of  6.3 p.M, respectivei~ Laata not 
shown).  

As shown in Fig. 4, there  was a b road  dep~.~ndence 
on Mg. Results  show that  2 nlM MgCl 2 suppor ted  
essentially maximal  act ivation of  A T P  loss. In the ab- 
sence of  a d d e d  MgCI 2 o r  in the presence  of  16 mM 
Mg. the ;,,~.e o f  loss of  A T P  was decreased .  The  effect 
of  A23187 (3.8 p.M) on cel lular  Mg conten t  was  exam- 
ined in incubat ion med ium conta in ing  2 mM MgCI 2. 
Addi t ion  o f  ionophore  increased the cel lular  Mg con-  
tent  f rom an initial level o f  2 m m o l / l  to 5.5 m m o l / I .  
The  Mg level r eached  a p la leau  within 4 - 5  rain. U n d e r  
assay condi t ions  there  was  modes t  cell swelling, as 
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Fig. 4. Dependence on Mg of the Ca pump ATPasc of intact RBCs. 
RBCs were preiacubaled with variou:; ce:',cc~',trations of MgCI 2 at 
37°C for 5 rain before addition of A23187. Results based on the 
means of blood samples from three individuals. Vertical bars repre- 

sent ± S.D. 

determined in a cell counter  (data not shown). Upon 
addit ion of A23187, the increase in RBC volume was 
about 10% during 10 min incubation. Cells incubated 
in the absence of A23187 swelled by approximately 2% 
during the i0  rain period (data not shown). 

The dependence  of loss of ATP on I A A  was exam- 
ined, as shown in Fig. 5. The results demonst ra te  that  1 
mM IAA in the incubation medium, the usual concen- 
tration employed, supported maximal activation of ATP 
loss. Presumably, at very low concentrat ions of IAA, 
somr, glycolytic synthesis of ATP occurred and reduce~ 
the apparent  ATPase  activity by about 20%. Significant 
inhibition was observed in the presence of 10 mM IAA, 
possibly because of direct effects on the Ca pump 
ATPase.  However, between 0.3 and 3 mM IAA, the 
rate of loss of ATP was essentially constant  and maxi- 
mal. 

It is generally accepted that  in a populat ion of 
normal RBCs the most dense (bottom) cells are the 
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Fig. 5. Dependence on IAA of the Ca pump ATPase ~,: i~,act RBCs. 
RBCs were prcincubatcd for 5 rain at 37°C in the standard m~d" ,n. 
but with various concentrations of IAA. Results based on the means 
of blood saruples from three individuals. Vertical bars represent± 

S.D. 
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Fig. 6. Ca pump ATPase activities of intact RBCs and sapanin 
lysates were measured as described in Materials and Methods in 
"top' and "bottom' fractions of RBCs. "Top" (open), unselccted 
(striped) and 'bottom' (solidi samples of RBCs gave respective rate 
constants of 0.251±0.016, 0.23(1±0.(II8 and 0.187±0.013 mln -t 
(upper panel). The Ca pump ATPase activities of 'top' (open), 
unsclectcd. (striped) and "bottom' (solid) RBC saponin lysates were 
37.8±2.2, 33.6±2.0 and 30.3± 1.9 pmol/10 f' cell per mln. respec- 
tively (lower panel). Results based on the means of blood samples 

from eight individuals. Vertical bars represent ± S.D. 

oldest,  or at least the most senescent,  while the least 
dense (top) cells are the youngest,  or at  least the least 
senescent [19]. Activities of the RBC Ca pump ATPase  
were determined by two different methods u~ing unse- 
leered and top and bottom (selected by dellsity) cells. 
Ca pump ATPase activities were expressed as the rate 
constant for  intact cells and the specific acr;v!Pr' for  
saponin lysates (Fig. 6). By both methods the activity o f  
the top RBCs was significantly greater ,  and the activity 
of the bottom RBCs was significantly less, than that  of 
the unselected RBCs ( P  < 0.001, paired t-test). Fig. 7 
presents  individual data points from Fig. 6. The data  
are plot ted as a comparison of A'i 'Pase activity deter-  
mined, on the one hand, by the saponin lysate tech- 
nique and, on the o ther  hand, by the intact cell assay, 
The results show excellent correlat ion between the two 
methods (r  = 0.93). 

D i s c u s s i o n  

The present results support  the suggestion that  the 
capacity of the Ca pump can be est imated in intac: 
RBCs by following the initial pseudo-first-order loss of 
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Fig. 7. Correlatiop or intact cell and saponin lysat¢ assays of Ca 
pump ATPase in human RBCs (individual data lx)ints from Fig. 6). 
One typical Ca free eonhc,] value ( tha t  illustrated in Fig. I) is also 
plotted. The fit of the data shows an x intercept of 0.76 and a 
corrclaUon co¢fficiunt of 0.93. Th~ slope of the line <.6.8. l0 - ~) is the 
empiric relationship between the rate constant determined in the 
intact cell assay (expre!~sed in ruin t) ;rod the specific activity ;is 
determined in the .~lponin lysate assay (expressed in pmol/llt ~' cell 
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ATP in cells exposed to Ca and A23187. The dcpend- 
cncies of the rate of ATP loss on a number of variables 
were consistent with the interpretation that the major- 
ity of ATP consulnpt~on under the co,tditions of the 
assay was mediated by the Ca pump ATPasc. Sr, which 
is carried by A23187, and which activatcs the Ca pump 
ATPase of i.~nlaled membranes, also activated ATPasc 
in the intact cell assay. The Ca pump ATPasc requires 
Mg as well as Ca, and in thc presence of the ionophorc, 
Mg (as well as Ca) movement is cnhanccd. For maxi- 
mal activity, it was necessary to include Mg in the 
incubation medium, in the absence of added Mg cellu- 
lar Mg was prcsumably depletcd. Undcr usual condi- 
tions of the assay there was a modest increase in 
cellular Mg. Inclusion of IAA enhanced the ma::[ntai 
ATPase rate by approximately 20% 1~ is suggestc~ that 
the increase in the rate of ATP loss caused by IAA was 
due to inhibition of glyceraldehyde-3-phosphate dehy- 
drogenas¢ [20]. Finally, there was an excellent col'rela- 
tion between assay of the Ca pump ATPase in intact 
RBCs and in saponin lysates. Results in our laboratory 
[ 13] and others [6,21 ] support the excellent correspond- 
ence of ATPase activities in saponin lysat2s attd in 
isolated human RBC membranes, "ncluding inter-indi- 
vidual variation. 

An estimate of the specific activity of the Ca pt:mp 
A'|'Pasc in int~:,: RBCs can be obtame~ i'rom the 
empirical relationship between saponin lysate and in- 
tact cell assays, as shown in Fig. 7. This relationship 
was applied to the values for ATPase activities of top, 
unselectcd and bottom cells, as shown in Fig. 6. I[ was 
assumed that the RBC cordtains 6.6" 10- *'~ g of mem- 
brane protein [22]. The specific activities were thu,,: 
57.6 =L 3.67, 52.8 + 4.14 and 43.2 + 3.00 nmol/mg pro- 
tein per min, respectivvly, for top, unselected and 
bottom cells. These values are similar to values re- 

ported for the calmodulin activated Ca pump ATPase 
in isolated membranes in a number of laboratories. 
Inhibition by trifluoperazine of ATP loss [10] is consis- 
tent with the interpretation that calmodulin activates 
the Ca pump ATPase in intact cells during this assay. 

These estimates are based on the fact that the Ca 
pump ATPase is the rate limiting reaction for ATP 
consumption during the 10 rain. of the assay. Ca- 
activated ATPase activity in RBC membranes has been 
correlated with Ca transport with an apparent stoi- 
chiometry of ! [26]. The cylosol of the human RBC 
expresses essentially no Ca-simulated ATPase activity 
[27]. These facts are the basis of the previously estab- 
lished assay of the Ca pump ATPase in saponin lysates 
of human RBCs [6,7]. 

There are several potential sources of error in the 
assay. Resynthesis of ATP, by adenylate kinase, would 
cause the rate of the Ca pump ATPase to be underesti- 
mated if there were significant resynthesis during the 
10 min assay period. Adenylate kinase is strongly inhib- 
ited by K at concentrations that exist in the intact RBC 
[28]. Thus, it is difficult to know just h'~w much resyn- 
thesis should be expected. This question is considered 
more fully in a companion paper [1]. Synthesis of ATP 
from 2,3-DPG is another potential way in which the 
activity of the Ca pvmp might be underestimated in 
thi.,~ assay. However, at least one of the enzymes in- 
voh'ed in that pathway, enolase, is inhibited by Ca -'+ 
with a K i of 7.10 -'~ M [29]. Thus, the conditions of 
the assay inhibit the synthesis of ATP from 2,3-DPG. 
In short, over the limited time course of this assay, the 
major determinant of ATP loss is the Ca pump ATP- 
ase. The rate constant determined in this assay in any 
igiven blood sample is directly proportional to the enzy- 
matic activity of the Ca pump ATPasc determined by 
more traditional means using the same sample (Fig. 7), 
The mechanism of the pseudo-first-order loss of ATP 
is modeled in a companion paper [I]. 

Ca pump A'FPase activity was dependent on Mg z+ 
(as well as Ca z÷) in intact RBCs (Fig. 6), as expected 
[2,24,25]. in the absence of added Mg, the rate con- 
stant for ATP loss was about i /10  of its maximal value 
because the ionophore promoted loss of Mg into the 
large extraccllular volume. The rate of ATP loss was 
increascd by adding MgCI, to the external medium. 
The loss of ATP was Icss than optimal at medium 
concentrations higher than 8 mM MgCI z. However, the 
usual concentration employed in the assay, 2 mM 
MgCI z, which corres~,onded to approximately 5.5 mM 
of total ccllular Mg a,qer the addition of A23187 sup- 
ported maximal activity of the Ca pump ATPase. Flat- 
man and Low reported that active Ca effiux was sup- 
ported in the presence of 2 mM cxtracellular MgCI z 
[30]. Similarly, Ca pump ATPase activity was supported 
when Mg was introduced to Mg-deplcted cells [24,25]. 
Ca dcpcndcnce of the ATPase as determined in the 



intact human RBC assay (Fig. 3) closely matched Ca 
dependence in a similar assay in intact dog RBCs [10] 
and of the CaM-activated Ca pump ATPase of isolated 
human RBC membranes determined it. this laboratory 
(34]. This dependence also included the characteristic 
'rollover' of activity at relative!y high Ca 2+ concentra- 
tions. 

"We found that about 10% swelling was associated 
with entr3' of Mg as did Flatman and Low [30]. This 
was presumably due to the influx of K and water from 
the high KCI medium in response to the increased K 
permeability promoted by increased Ca z+ at the inner 
membrane surface (Gfirdos effect) [35,36]. Resutts are 
consistent with the interpretation that, in the presence 
of ionophore, intracellular Ca 2+ is substantially in- 
creased. Cell counts confirmed that essentially no 
hemolysis occurred during the 10 min exposure to 
A23187. Human RBCs can swell to a volume of ap- 
prox. 119 fl before much hemolysis occurs [10]. 

The nattire of the dependence on Ca 2+ observed 
under these conditions is qualitatively similar to that 
reported for the Ca pomp ATPase of isolated RBC 
membranes (5], and intact RBCs [10,24,37]. While there 
are difi'¢lence,,i ilt the absolute values of the Ca 2+ 
sensitivity in various laboratories, we do not place great 
significance on such differences. Differing assumptions 
in buffer equations, the composition of buffers, purity 
of reagents, and other variables probably account for 
most of the apparent differences, in our opinion. 

In the presence of A23187, Sr maximally activated 
the Ca pump ATPase of intact cells. Similar results 
have been shown in resealed ghosts [2,18], inside out 
vesicles [38], purified enzyme [39] and isolated mem- 
branes [17]. Mn is transported by A23187 [40] but is not 
transported by the Ca pump ATPase [3] and was found 
not to activate the Ca Dump ATPase of intact RBCs. 
These results are consistent with the known ionic pref- 
erences of the Ca pump ATPase as determined in 
isolated membranes. Co is known to be rapidly trans- 
ported by A23187 [41]. Co rapidly blocks ionophore- 
mediated Ca transport but it does not affe :t Ca trans- 
port by the Ca pump [42]. It appears that CoCI 2 
effectively reduced the available A23187 that could 
carry Ca and thereby effectively inhibited the. e~prec, 
sion of Ca pump ATPase activity in intact RBCs. The 
addition of Co could potentially be useful for kinetic 
analysis in the whole cell assay. 

Results in Figs. 6 ~nd 7 support a previous report, 
based on saponin lysate assays, that there is a density- 
associated decrease in the activity of the Ca pump 
ATPase of human RBCs [43]. Similarly, decreased Ca 
pump ATPase activity was reported in the most dense 
RBCs of normal dogs, based on assay of Ca pump 
ATPase in intact cells [44]. The significance of this 
density associated loss of Ca pump ATPase activity is 
not yet known but may be related to cellular aging. 
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The present results can not be explained by simple 
Michaelis-Menten kinetics. Total intracellular ATP at 
time zero (1.35 retool/I) is greater than what has been 
coa~idered the low affinity K m for the Ca pump ATP- 
ase in whole cells (5(R) p.mol/I) [25], resealed ghosts 
(180 #M) [45], or 360/.tM [46] or isotonic membranes 
(760 p.M) [4711. In isolated membrane preparations 
th~.rv is less variability in the low affinity Kin, with 
values of about 140 p.M [23]. Perhaps conditions in the 
imact cell favol a larger Km. It is possible that some 
component is lost during membrane preparation or 
that some reorganization of the lipid or protein affects 
the ATPase activity [48]. in any event, although the K m 
values found in intact c~:!ls are high they arc not large 
enough to account for the first-order behavior of this 
assay [1]. 

We suggest tlmt the ability to perform Ca pump 
ATPase assays on small samples of RBCs will be useful 
in certain circumstances. So far as we are aware, this 
method is the only method that can reliably a~say the 
activity of this enzyme in the dog RBC [10], This assay 
can be used to estimate the activity of the Ca pump 
ATPase using extremely small volumes. These can be 
typically in the range of 5-20 ~tl as described in this 
paper, but co:~Id be easily modified for smaller volumes 
by scaling down. The assay is sensitive without using 
radioisotopes. We have to measured the activity in cells 
separated according to their density in small glass 
tubes. When so appi;,¢d the results [43] agree with data 
obtained by others using much more laborious tech- 
niques [49]. If one were to 'calibrate' the assay as in 
Fig. 7, then one could report the activRies for the 
CaM-activated Ca pump ATPase in more dsual terms. 
We suggest that this assay can be useful/or the detec- 
tion of inhibition of the Ca pump ATPase by natural 
products, circulating factors and drugs that are active 
on the outside of the cell and that would best be 
analyzed using an intact cell .%'stem. The sys~.em allows 
for minimal handling of the RBCs and limits the loss of 
integrity of the Ca pump ATPase that might occur 
during membrane isolation. 
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