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An assay of the Ca pump ATPasc of intact human RBCs is described in a companion paper (Wu, L., Hinds, T.R. and Vincenai,
F.F. (1992) Biochim. Biophys. Acta 1106, 56-62). The assa! ased on the rapid loss of ATP in RBCs that occurs when the cells
are exposcd to the ionophore, A23187, in the presence of Ca. An uncxpected finding was that the initial loss of ATP follows
pscudo-fisst-order kinctics. This was uncxpected because the ATP content of RBCs is somewhat higher than the K, of the Ca

vap for ATP. Thus, the initial loss of ATP would be expected to ﬁ\llow zero-order kinetics; at least it the Ca pump ATPase
operated with Michaclis kinetics. We d a series of lations cf the Ca pump ATPase to investigate the
possible cause of the unexpected pseudo-first-order behavior. The results confirmed that the data can not be accounted for by
kinetics of the Ca pump ATPasc. Possible cffects of adenylate kma\c were tested and were also not found to account

do-fi d havior of an ATPasc ing with Michaclis kinctics. The enzymatic propertics of the Ca pump
wnmined 11 was found that the Ca pump ATPase exhibits positive cooperativity toward ATP. The apparent
cooperativity was 1.91. In sin.ulations it was fo: hat positive cooperativity of the Ca pump ATPasc i in the range of 1.5 to 2.0
could account for the pscudo-iizst-order behavior. Excellent fit of the simulation data to first-ord jor was truc with or
without any contribution from adenylate kinasc. Ratc constants of ATP loss werc thus examined using cooperativity of 2.0, Over
a wide 1ange the rate constant of the loss of ATP was dircetly preportional to the assumed ¥, of the Ca pump ATPase, but
only if the data were limited to loss of less than 67% of the initial ATP. It is suggested, therefore, that the rate constant for the
initial loss of ATP in intact RBC , as stimulated by the ionophoic A23187, can be taken as a measure of the capacity of the Ca

pump ATPase.

Introduction

We have described an assay of the plasma mem-
brane Ca pump ATPase of intact red blood ceils (RBCs)
{1-3]. The technigue is based upon exposure of a
suspension of RBCs to a divalent metal ionophore
(A23187) in the presence of Ca®*. In the presence of
the ionophore, there is a massive influx of Ca into the
RBCs. This results in maximal activation of the plasma
membrane Ca pump ATPase. In the presence of 1 mM
iodoacetic acid (1AA), to limit glycolytic synthesis of
ATP, there is a rapid loss of ATP in the RBCs upon
the addition of ionophore. This loss of ATP is moni-
tored by sampling of the RBCs every 1 or 2 min and
determining cellular ATP by lu " aometry.

ATP disappears from RBCs under these conditions
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according to pseudo-first-order kinetics. That is, the
logarithm of ATP content decreases approximately lin-
early for about 10 min or until about 90% of the initial
ATP is consumed [1]. Thereafter ATP consumption
slows and there is a significant departure from
pseudo-first-order kinetics. We have suggesied that the
rate constant (stope) of the initial Jisappearance of
ATP in RBCs under such conditions may be taken asa

of the ity of the Ca pump
ATPase of the cells. This forms the basis of the assay
of the Ca pump of intact RBCs as described in the
companion paper [3).

First-order disappearance of ATP is not what would
be expected, at least a priori. Typical RBC content of
ATP is about 1.3 mmol /1 [4]. Roufogalis rcported that
the K,, of the Ca pump ATPase in intact RBCs is 0.5
mmol /l [5). Thus, one might pn.dlct that ATP should

p from RBCs d to Ca and A23187 ini-
tially by a zero order process, and then by mixed order
kinetics (as the coacentration of ATP falls below the
K.,). However, this is not what is scen experimentally.
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The initial disappearance of ATP from ionophore ex-
posed cells follows pseudo-first-order kinetics. The
ATPase assays of isolated RBC membranes and the
numerical simulations presented here were performed
to help evaluate the possible contributions of adenylate
kinase and coopesativity of ATP to the unexpected
pseudo-first-order loss of ATP.

Methods

Assay of Ca pump ATPasc activity of intact RBCs
was carried out as described in the companion paper
{3). Ca pump ATPase activity of isolatcd RBC mem-
branes was determined by previously described meth-
ods [6,7] with the modification that the incubations and
colorimetric determinations of phosphate were all car-
ried out in 96 well immunoassay plates. Assay of RBC
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content of ATP, ADP and AMP was carried out by
HPLC essentially as described by Payne and Ames [8].
Simulations were carried out using STELLA model-
ing software (High Performance Systems, Inc., Hanover,
NH) operating on a Macintosh Iici computer (Apple
Computer Co., Cupertino, CA). Cricket Graph (Cri
ket Software, Malvern, PA) was used to prepare fig-
ures, and for fitting of data. Values of slope (rate
) and fits (exp d as the cocfficients of
determination, r2) of various data points for straight
line functions were obtained from Cricket Graph. The
coefficient of determination is equal to the correlatmn
coefficient d [9). E i for the
activity of the Ca pump ATPase when operating in a
cooperative fashion were accotding to the Hill egua-
tion as described by Segel [10]. Strictly speaking, at a
coonerativity value of greater than 1.0, the concentra-

Fig. 1. Schematic mode! of the STELLA simulation of the assay of the Ca pump ATPase of intact RBCs. Boxes represent quantities (and, for the
1 liter RBCs assumed, concentrations) of ATP, ADP and AMP, respectively. Broad arrows connecting quaat represent the chemical
reactions. For example, the broad arrow labeled *pump-ATPase’, represents the conversion of ATP to ADP, as mediated by the Ca pump
ATPase. The features of reactions are dependent on variables that feed in by small solid arrows (¢.g., concentration of ATP, K, of the ATPase
(K prpump), V,,, of the ATPase (V,,,,-pump) and coojierativity (cuop-pump)). Other reactions simulated bere included both the forward and
backward reactions of the adenylate kinase. As with the ATPase, the reactions are determined by substrate concentration, Ko, and V.
Because the conversion of 2 ADP molecules into 1 AVP is linked to the conversion into 1 AMP, the reactions are linked into one rate. This
reaction rate is specified by 'AK-on-ADP". The reverse reaction, conversion of 1 AMP and 1 ATP to 2 ADP molecules must also be considered.
Again the reactions are linked and specified by *net-AK'. When the effect of only the Ca pump ATPase was examined the V,,,, values for
‘AK-on-ADP" and ‘net-AK’ were set o zero. ‘To simulate the activation of the Ca pump ATPase by addition of ionophore to RBCs, the V,,, of
the Ca pump ATPase was changed from zero to {for example) 0.3 mmol/min per liter. This resulted in rapid loss of ATP. In the presence of
fm(t adenylate kinase activity. there was also net conversion of ADP into AMP. In the abseace of activation of the Ca pump ATPase the system

i steady state ions of 1.5, 0.5, .md 01 mmol/l of ATP, ADP and AMP, respectively. As the 1, of adenylate kinase was

the rate of il of the nuck was i but there was no net change untit activation of the Ca pump ATPasc.




tion of substrate at half-maximal activity of an enzvme
should be designated by a term other than K, (that
term being reserved for Michaelis kinetics, i.c., cooper-
ativity = 1.0). Segel {10] suggested k’. However, in
keeping with common parlance and understanding we
have simply used the label *K ;" in the STELLA model
to apply to a range of cooperativity values from 1.0 to
3.0. In keeping with the units utilized in a recent
numerical simulaiion of Ca pump ATPasc of normal
uman RBCs in vitro (no added ionophore) [11], we
have expressed concentrations in mmol /! RBC, and
rates in mmol /min per liter RBC.

Results and Discussion

A schematic diagram of the simulation model is
presented in Fig. 1. This diagram shows the 1
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kinetics, That is, the natural log of ATP/ATP, de-
creased, but in a convex downward fashion, as shown
in Fig. 2. This general shape of the curve is what would
be expected if consumption of ATP were initially zero
order and then tending toward first order. Clearly, this
model did not produce a simulation that resembled
actual laboratory data. Typical laboratory data on the
assay of the Ca pump ATPase of RBCs are included in
Fig. 2 for comparison.

Two major kinds of questions are typically raised
when the intact RBC Ca pump assay is described.
First, is the apparent rate constant indeed related to
the V. of the enzyme? We will come back to that
issuc. Second, what about interference from other ATP
utilizing or synthesizing enzymes? In particalar, the
question of adenylate kinase is raised. This enzyme
p s the ion of 2 ADP molecules into one

modzel, but in some cases the activity of certain path-
ways was sct to zero. For example, when convarsion of
ATP to ADP by the Ca pump ATPase (pump-ATPase)
alone was medeled, V., values of other reactions
were set to zero. K, -pump and V,,-pump were set at
values that gave a halflife of ATP that agreed reason-
ably with that typically measured values in intact RBCs.
Initially we assumed Michaelis kinetics of the Ca pump
ATPase, i.c., the cooperativity of ATP as a substrate
was set at 1.0.

In this and essentially all similar simulations, the
RBC content of ATP was reported at 1 min intervals.
Similar to our approach ir: the laboratory [3), the first
measurement of ATP was made after ‘addition of
ionophore’ (i.., a sudden increase in !/mu, of Ca pump
ATPasc from zero to the selected V,,,, valuc). ATP
values from 1 min to 10 min after addition of ionophore
were used to determine the function of the loss of
ATP. The ATP content, as in our laboratory assay, was
expressed as the ratio of ATP to the time zero value of
ATP (ATPbyATP,). These values were also converted
to the natural logarithm (InNLATP). When plotted as
a function of time, the natural logarithmic values were
used to determine the stope of the best fit to a straight
line (single-exponential function). When calculated in
this manner, the slope of the line is equal to the
apparent rate constant for the process. It is explicitiy
recognized that the determination of apparent rate
constant Dy this approach is valid only if the data
reasonably fit a first-order process. One of the first
questions we asked concerned the goodness of fit of
simulation data to a first-order prucess as dependent
on the assumptions of the model.

The ¥, of Ca pump ATPase was, unless otherwise
specified, asswir-2d to be 0. mmol /min per liter RBCs.
This is the ¥, value we have used for modeling
iofinal human RBCs in vitiv {11} When the coopera-
tivity was set at 1.0, the di ance of ATP followed
what would be expected for simple Michaelis-Menten

ATP and one AMP molecule. Haslam and Mills {12]
1cported activitics of 1378 and 2069 muuol/min per
liter, respectively, for the forward (2 ADP -» AMP +
ATP) and backward (AMP + ATP — 2 ADP) reactions
of the enzyme in extracts of RBCs. However, intact
RBCs showed little or no activity. According to Levin
and Beutler [13], the specific activity of adenylate ki-
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Fig. 2. Simulation of ATP loss by the Ca pump ATPase assuming
Michaelis-Menten (cooperativity = 1) kinetics. In this and similar
plots the c:atural logarithm of the ATP lized to
the initial concentration, is plotted as a function of time following
activation of the Ca pump ATPase. In this plot, as in the comparion
paper, the data points were collected every 2 min. In other figures,
data points wers determined vvcry minute. The assumed ¥, of the
Ca pump in this simulation was 0.28 mmol/min per liter, The data
pointe in this and similar figures are connected to emphasize the
shape of the pattern. Data points for the simulation (0 ———()
followed a convex downward pattern, and the fit to a single exponen-
tiad (straight line, not plotted) was poor. Thus, considering the Ca
pump ATPase only, Michaelis kinetics, could not account for data
typically observed in the laboratory. Typical laboratory duto
(w ®) of an actual assay are included for comparison, These
data were well fitted by a single exponential (r% = 0.998) which, for
simplicity, is not plotted.
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nase in RBC lysates is 834 mmol /min per liter RBC at
30°C. The ratio of adenylate kinase at 30°C compared
to 37°C is 0.770 {14} Thus, the apparent activity of
adenylate kinase measured by Levin and Beutler was
1083 mmol/min per liter. Beutler [14] sub. ly

are plotted in Fig. 3. As can be scen in Fig. 3, adeny-
late kinase activity slowed the loss of ATP slightly.
However, because of the poor fit to single exponen-
tials, little can be said about the quantitativc impact of

reported an activity cf 877 mmo!/min per liter at 37°C.
Seitz [15], reported the activity of adenylate kinase in
human RBCs at 1119 mmol/min per liter. It should be
noted that these activities were measured only afler

1 (by centrifugation) of an inhibitor. It is sug-
gested that a value of 1000 mmol /min per liter is a
generous overestimate of *he specific activity of adeny-
late kinase in iniact RBCs.

Several questions arose. Would adenylate kinase
render the assay uscless by swamping out the relatively
small ¥, of the Ca pump ATPase? Alternatively, was
it possible, that resynthesis of ATP by adenylate kinase
was just sufficient to make the mixed order loss of ATP
appear to be first orde: (initially resynthesizing at a low
rate, and later at a high rate)? In modeling the activity
of adenylate kinase, it was important that the system
be stable in the absence of activation of the Ca pump
ATPase. The ATP, ADP and AMP contents of RBCs
are stable in vitro, at least until the addition of
ionophore. This is true even in lhe presence of lAA
which can be d to limit glycol: of

lenylate kinase. Also, b of the poor fit to single
exponentials, adenylate kinase can not account for the
observed pseudo-first-order loss of ATP during assays
of the Ca pump ATPase of intact RBCs in the labora-
tory.

Michaelis kinetics, either in the absence or presence
of adenylate kinase activity, could not account for the
laboratory data. Thus, we decided to reexamine the
activation of the Ca pump ATPase by the substrate.
Activation by ATP of ATP splitting in RBC mem-
branes has been interpreted to be a reflection of one
high-affinity and one low-affinity site for ATP {17].
However, we obtained data that were compatible with
the interp ion of simple ivity. As shown in
Fig. 4, Ca pump ATPase activity was determined in the
presence of calmodulin (CaM). CaM activated enzyme
is the prop=- model for the situation that exists in
R2C exposed to Ca and AZ3187 [1]. This is because in
RBCs exposed to A23187 in the presence of Ca®*, the
cell is loaded with Ca and the binding of CaM to the
Ca pump ATPasc is dependent on Ca®* with a half-

ATP by inhibition of glyceraldehyde-3-phosphate dehy-
drogenase [16].

The reiative K, and ¥, max values for the forward
and backward reactions of late kinase were simu-
lated such that the concentrations of ATP, ADP and
AMP were maintained at 1.5, 0.5 and 0.1 mmol/I,
respectively. Using this simulation model it was found
that K_ values for the AK-on-ATP, AK-on-AMP and
AK-on-ADP reactions that maintained AT¥, ADF and
AMP at these respective levals were 05, 8 and 8
mmol/l, respectively. Haslam and Mills [12] reported a
K., ADP value of about 1.5 mmo!/1. We will deal with
the question of the adenylate kinase K,, later. Once
the relative K, values were determined that main-
tained stable levels of ATP, ADP and AMP in our
madel (in the absence of ionophore), then the ¥,
value of AK-on-ADP was varied from 0 to 10000 (and
corresponding change in V,,,, of AK-on-AMP and AK-
on-AMP of 0 to 50000) without a net change in the
respective concentrations of the nucleotides. In further
references to the activity of adenylate kinase, we will
refer to the ¥, of the AK-on-ADP reaction. In each
such case (except zero), the relative V,,,, values of the
AK-on-ATP and AK-on-AM# reactions are 5-fold
greater. The rates of the interchange of ATP, ADP
and AMP increased as the V,,, values were increascd,
hut the steady-state levels did not change.

Sinulaiions werc perivimed oi activation of the Ca
pump ATPase over a range of adenylate kinase V,

mux
values from zero to 10000. Some of these simulations

| value in the micromolar range [18]. A Hill plot
of the data for 10-90% of maximal activity of the Ca
pump ATPase (Fig. 5) provided an cstimatc for the
cooperativity of ATP of 1.91. Therefore, it was as-
sumed that activation of the ATPase activity was coop-

tn (ATP/ATPO)
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Fig. 3. Simulation of the effect of adenylate kinase on ATP loss by
the Ca pump ATPasc assuming Michaelis (cooperativity = 1) kinet-
ics. In this case, the data points follow a convex downward pattevn.
Again, the fit of the data to a singlc expaneatial was poor. As the
Vi of adenylate Kinuse was increased from zero (0 —-—0), to
018 ——@) and 1 {a-—~—a) mmol/min per liter, respece
tively, there was a less rapid loss of ATP. Beyoad 1 mmol/min per
liter, further increases in V,,,,, of adeiyiate kinase exerted no further
effect on the rate of loss of ATP,
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Fig. 4. ATP activation of the Ca pump ATPase activity of isolated

human RBC membranes. A%Pase activities were determined in

isolatee membrancs over a range of ATP concentrations in the

presence of 30 nM of calmodulin. The solid line plotted is a plot of

the equation representing the best fit to a Hill plot of the data, as
shown in Fig. 5.

erative, and that the value is 2. Considering that the Ca
pump ATPase exists in the membrane as a dimer
[19-21], we suggest that this interpretation is quite
plausible.

Tig. 6 p the ATP disapp for simula-
tions with cooperativities of 1.0, 2.0 and 3.0. Fig. 7
presents the coefficient of determination (r?) as a
function of the assumed cooperativities of a series of
simulations. The fit to a single exponential was quite
good between assumed cooperativities of about 1.5 to
2.0. Thus, the simulations offer insight into the appar-
ent pseudo-first-order loss of ATP from intact RBCs
under conditions of assay of the Ca pump ATPase.
However, tnese simulations were carried out on oniy
the Ca pump ATPase. What is the possible influence
of adenylate cyclase on the apparent rate of ATP loss?

We performed a series of simulation in which the
cooperativity of the Ca pump ATPase was 2.0 and the
Vinx Was held constant (at 0.3 mmol/min per liter).
These simulations were performed over a wide range
of adenylate kinase activities. As shown in Fig. 8, there
was a good fit of the data to single exponentials in all
cases (r2> 0.99). As the V,,, of adenylate kinase was
increased from 0 to 10 mmol /min rer liter there was a
slight decrease in the apparent rate constant deter-
mined from the slope of the line. Beyond 10 mmol /min
per liter, increasing the V,,,, of adenylate kinase had
essentially no effect on the apparcnt rate constant.
However, it appeared that tiere was a slight ‘dip’ in
the value of the apparent rate constant at 1 mmol /min
per liter.

A series of simulations was perform:d with V, .
values of adenylate kinase ranging from O to 10000
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log((V-Vo)/(Vmax-V)]

-5 -4 -3
log ATP
Fig. 5. Hill plot of the data shown in Fig. 4. The data points between
10 and 90% of V,,, were fitted. ¥, and V,,, values were assumed
to be 2 and 58 nmol/min per mg protein, respectively. The equation
for the best fit to the Hill plot had a stope {apparent cooperativity) of
1.9¢ and a gave a half-maximal rate at 0.16 mmol /1.

mmol/min per liter. Particular attention was paid to
the region around 1 mmol/min per liter. The resulting
data are shown in Fig. 9. As previously, there was no
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Fig. 6. Effect of cooperativity on simulated loss of ATP. Simulationz
were performed in the absence of adenylate kinase activity to assess
the influence of couperativity on the simple system. As previously
seen, for cooperativity ot 1 (W ®), the data points follow a
convex downward course, and the fit to a single exporential was poor
(r* =0.972). For a cooperativity of 2 (O 0), the r? of the fit
to a single. ial was 0.996, Ata of 2, there was a
tendency toward convex upward when a large fraction of initial ATP
was consumed. This pattern is qualitatively similar to what is seen in
laboratory assays of the Ca pump ATPase of intact RBCs (Fig, 2). At
a cooperativity of 3 (& a), the data points followed a convex
upward ccurse, and the 72 of a fit to a single exponential was 1973,
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Fig. 7. Effect of cooperativity an the goodness of fit of ATP loss to
single exponential. Cooperativity of the Ca pump ATPase was varied
and the simulated loss of ATP was fitted 1o a series of single
exponentials. The r? value of each fit is plotted against the zoopera-
tivity. It is appa e good £it to single exponential loss of ATP
was predicted when the coom y of the Ca pump ATPase was
approximately 1.5-2.0.

effect of adenylate kinase beyond 10 mmol/min per
liter. The difference in apnarent rate constant for ATP
1555 in the presence of high adenylate kinase activity
versus none amcunted to only 8.5%. Curiously, there
was a ‘dip’ in thc appareni ratc constant for the loss of
ATP as a function of the V,,,, of adenylate kinase with
the minimal value being at approx. 0.6 mmol/min per
liter. It must be emphasized that the effect shown in
Fig. 9 is small. The minimal rate constant was oily
about 10.6% icss than the maximal value. Considering
the porential capacity of adenylate cyclase in intact
RBCs tabout 1000 mmol/min per liter), it is suggested
that any coniribution of adenylate kinase to the appar-
ent rate constant of ATP loss as mediated by the Ca
pump ATPase is essentially constant. These data are
consistent with the interpretation adenylate cyclase has
only a negligible to slight effect to decrease the appar-
ent rate constant of ATP loss (compared to no contri-
bution from adenylate kinase). Qualitatively similar
results were obtained if it was assumed that the K, of
adenylate kinase was assumed to be 1.5 mmol/l, as
reported by Haslam and Mills [12]. For these simufa-
tiors, K, values for the AK-on-ATP AK-on-AMP and
AK-on-ADF were 0.09, 1.5 and 1.5 mmol/I|, respec-
tively. The difference in the rate constant for ATP loss
between assumed V., values for adenylate kinase of
zero and 1000 mmol/min per liter, respectively, was
less than 6% (data not shown). It may not be intuitively
clear why the effect of adenylate kinase is so small.
The ‘bottom line’ is that, during the short time of the
simulation, most of the ATP that is lost accumuiates as
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Fig. 8. Effect of adenylate kinase on simulated loss of ATP: Coopur-
ative kinetics. The data for adenylate kinase activity of zero
(G 0) and 1000 (O O) mmol,/min per liter are plot-
ted. For adenylate kinase activi hetween 0 and 1000 mmol/min
per lites, rates of ATP loss were similar, as shown in Fig. 9.

ADP, but that (because of the ratio of the K, values
of the forward and backward reac:ions) there is rela-
tively little net conversion of ADP to AMP (and ATP).

In the face of a more or less constant contribution
by adenylate kinase can the apparent rate constant for
the initial loss of ATP be taken as a measure of the
Vi Of the Ca pump ATPasc? A series of simulations
was performed in which the adenylate kinase activity
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Fig. 9. Effect of adenylate kinase on the apparent rate constant for

loss of ATP. Data obtained from simulations like those shown in Fig.

8. In cach case, the fit of data points to a single exponential was

acceptable (r?>099). As the V,, of adenylate kinase was in-

creased from zevo, the apparent rate constant decreased, displayed a

minimum value and then increased slightly and became constant at a
value of 91.5% ot the maximum.



was assumed to have a V,,, of 1000 mmol/min per
litei. Conperativity of 2 was assumed. The V,,,, of the
Ca pump ATPase was varied over a wide range. The
data are presented in Fig. 10. At low ¥, values for
the Ca pump ATPase the apparent ratc constants wer::
low, and the fit of the data 10 single exponentials was
good. At high values of V¥, ., thc apparent rate con-
stants were high, but could not be adequately judged
because of relatively poor fit to single exponential (as
low as 0.969 at V,,, = 0.6 mmo!/min per liter). The
poor fits at high ¥, values were obviously due to the
convex upward pattern of the data points.

‘The pattern observed at bigh V,,,, values is similar
to what we have seen i the laboratory. That is, as most
of the ATP in RBCs is consumed, the rate of ATP loss
slows. We have typically limited the data poinls used in
the curve fitting to values representing not moere than
90% consumpuon of the initial ATP in the 10 min

g addition of the i h (see i

paper). However, with the possible exception of rabbit
RBCs (which, by inference, appear to have very active
Ca pump ATPase activity) we have not ohscrved rates
of loss of ATP as rapid as those which were simulated
in Fig. 10,

The curves representing high rates in an 10 showed
significant deviation from first-ord jor cven
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Fig. 11. Relationship between assumed ¥,,, of the Ca pump ATPase

and the apparent rate constant of the initial loss of ATP. Apparent

rate constants determined in Fig. 11 are plotted versus the Vg, of

the Ca pump ATPase. The relationshi= s a straight line with a near

zero intercept. Thus, according to the mudel, the apparent rate

constant of lhc initial loss of ATP can be used as a measure of the
Vipux Of the Ca pump ATPase of intact RBCs.

when data points were limited to those representing
fess than 909 loss of ATP. Thus, this is probably not a
sufficiently selective criterion for high rates of ATP

tn (ATP/ATPD)

Time (min)

Fig. 10. Effect of V,,, of Ca pump ATPase on simulated loss of
ATP. Cooperative kinetics (2.0) and adenylate kinase (1000
mmul/mm per liter) were included in these simulations. Increased

Vi 0F the Ca puin ATPase, over the range of 0.01 10 0.6 mmol /min
per liter, was assaciated with increased rate of loss of ATP. At high
Vipox Values, the iit of the data to a single exponential was poor
(r* < 0,98). However, if limited to those points that represented o
more than 67% loss of the initial ATP the data were well fitted with

u single exponential {r? > 0.998).

ion. However, if data points representing
more than 67% loss of ATP were eliminated then the
data were well fitted with single exponentials. In each
case the 72 of the fitted data was at least 0.999. It must
be emphasized that these excellent fits to first-order
behavior were obtained in the presence of the contri-
bution of adenylate kinase with a V,,, of 1000
mmol/min per liter. Elimination of data points repre-
senting more that 67% loss of ATP required discarding
a number of points at high V,,,, values. At the highest
Vs value simulated (0.6 mmol/min per liter) only
three poiats were included. Of course, idering the
scatter of real data points, the anticipated fit of labora-
tory determined ATP loss will be less. The results of
the simulations are mh.rpreted to mean that it is

ble to d an apr rate: o

only for the initial disappearance of ATP under thece
conditions.

Acceptable fit to first order of the initial portions of
the curves presented in Fig. 10 justifies wmparison of
the various rate We parcd the

rate with the d V.. values
for the Ca pump ATPase. The result is :hnwn in Fig.
11. The result is a straight linc rclationship (r® = 1.00)
with a nearly zero intercept (0,00389). The slope of the
line (0.609) is the relationship between the ratc con-
stant (min~") and the V,,,, (mmol/min per liter). This
is similar to that determined empirically in the com-
panion paper [3]. In that paper, the operationally de-
fined Ca activated ATPase activity of saponin lysates
was taken as a measure of the Ca pump ATPase
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activity. If RBC volume is assumed (o be 90 fl [4], then
the experimental data arc equivalent to a slope of
0.607 min~'/mmol per min per liter. Thus, the model
is in good agreement with the cxperimental findings.

In V. ding to our the Ca
pump ATPase exhibits jrositive cooperativity of about 2
toward ATP. In our simulations using such cooperativ-
ity there was a direct relationship between the V,, of
the Ca pump ATPase and the rate constant of the
initiai disappearance of ATP. Thus, it is proposed that
determination of the apparent ratc constant of the
initial loss of ATP in intact RBCs can be taken as a
measure of the V. of the Ca pump ATPase.

Various reactions for synthesizing and degrading
ATP cxist in RBCs. Under conditions of the assay
simulated in this work, the Ca pump ATPase is the
dominant ATP utilizing reaction. Thus the ¥, of this
2nzyme becomes the major determinant of the loss of
ATP in thc RBCs, at least for a few minutes. Because
geed fit to first order behavior is observed when a
cooperativity of 2 for the Ca pump ATPase is assumed,
we suggest that under conditions of the assay the Ca
pump exhibits positive cooperativity in intact RBCe.
We further suggest, given these considerations, that
the apparent rate constant for the initial loss of ATP
can be used as a measure of the V. of the Ca pump
ATPase of the intact RBC.
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