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ABSTRACT: The plasma membrane calcium ATPase (PMCA) reacts with ATP to form acid-stable
phosphorylated intermediates (EP) that can be measured using (γ-32P)ATP. However, the steady-state
level of EP at [ATP] higher than 100µM has not yet been studied due to methodological problems.
Using a microscale method and a purified preparation of PMCA from human red blood cells, we measured
the steady-state concentration ofEP as a function of [ATP] up to 2 mM at different concentrations of
Mg2+, both at 4 and 25°C. We have measured the Ca2+-ATPase activity (V) under the same conditions
as those used for phosphorylation experiments. While the curves of ATPase activity vs [ATP] were well
described by the Michaelis-Menten equation, the corresponding curves ofEP required more complex
fitting equations, exhibiting at least a high- and a low-affinity component. Mg2+ increases the apparent
affinity for ATP of this latter component, but it shows no significant effect on its high-affinity one or on
the Ca2+-ATPase activity. We calculated the turnover ofEP (kpEP) as the ratioV/EP. At 1 mM Mg2+, kpEP

increases hyperbolically with [ATP], while at 8µM Mg2+, it exhibits a behavior that cannot be explained
by the currently accepted mechanism for ATP hydrolysis. These results, together with measurements of
the rate of dephosphorylation at 4°C, suggest that ATP is acting in additional steps involving the
interconversion of phosphorylated intermediates during the hydrolysis of the nucleotide.

P-type ATPases are a group of enzymes responsible for
active transport of cations across the cell membrane, using
the hydrolysis of ATP as a source of energy. During the
reaction cycle they form phosphorylated intermediates,EP,1

whose concentration can be measured by stopping the
reactions by denaturation in acid media.

The plasma membrane calcium pump (PMCA) is a P-type
ATPase whose abundance is approximately 0.01% of the
total proteins present in the membrane (1). Combining the
knowledge on the elementary steps and steady-state kinetics
of the Ca2+-ATPase with what was known from other cation
transport ATPases, Rega and Garrahan postulated the kinetic
model represented in Scheme 1 (2).

The model proposes that the enzyme exists in two main
conformations,E1 andE2. Upon binding of ATP and Ca2+,
E1 can be phosphorylated, leading to the formation of the
intermediatesE1P andE2P. It is generally accepted that Ca2+

would be transported after binding to cytoplasmic sites in
E1 and released from theE2P intermediate at extracellular
sites.

According to Scheme 1, ATP would be involved in three
different steps of the reaction cycle: phosphorylation,
dephosphorylation, andE2 f E1 transition. These authors
found two kinds of sites for ATP binding: one of high
affinity (Km ≈ 2.5 µM) and catalytic activity and another
one of low affinity (Km ≈ 140 µM) that would be an
activating site (2, 3). Besides its role as a cofactor of ATP
as the substrate of the ATPase, Mg2+ has been shown to
participate as an activator not only of the phosphorylation
but also of the dephosphorylation reaction and of the
conformational transitions of both phosphorylated and de-
phosphorylated forms (2, 4-7).
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Formation ofEP (which includesE1P andE2P forms) has
been demonstrated using electrophoretic techniques (8-10)
and quantified using filtration or centrifugation methods (10-
14). Because of the high level of blanks and/or scatter, typical
procedures to measureEP of the PMCA are limited to ATP
concentrations lower than 100µM (14), i.e., far below
physiological intracellular concentrations of the nucleotide
(15). This limitation becomes more important if only small
amounts of protein are available. In order to study the
behavior of PMCA phosphoenzyme at higher ATP concen-
trations, we have developed a procedure that combines a
microscale electrophoretic technique with computer-assisted
image analysis (16).

The purpose of this work was to extend the study of the
effect of ATP and Mg2+ on the activity andEP level of the
PMCA to physiological concentrations of these ligands to
gain further insight into the PMCA reaction mechanism. We
first performed experiments at low temperature (0-4 °C) in
order to slow the rates of the reactions, thus facilitating the
measurements. These experiments included measurements
of activity and phosphoenzyme levels in the steady state,
which were also carried out at 25°C in order to investigate
the validity of the conclusions obtained at low temperature.
Results in this paper show that ATP is involved in the
pathway ofEP formation and breakdown in a manner that
is not adequately explained by the currently accepted
mechanism.

EXPERIMENTAL PROCEDURES

All of the chemicals used in this work were of analytical
grade and were primarily purchased from Sigma Chemical
Co. Freshly drawn human blood was obtained from the
Hematology Section of the Hospital de Clı´nicas General Jose´
de San Martı´n, Argentina. (γ-32P)ATP was obtained from
Dupont NEN. Kodak X-OMAT film was obtained from
Sigma Chemical Co.

Purification of the Ca2+ Pump from Human Erythrocytes.
Calmodulin-depleted erythrocyte membranes were prepared
as described previously (17, 18). Ca2+-ATPase was isolated
in pure form by calmodulin affinity chromatography (19) in
the presence of asolectin and C12E10; homogeneity was
verified by SDS-PAGE (single band atMr 138000). Prior
to use, the enzyme was kept in storage buffer (0.2 mg/mL
asolectin, 0.5 mg/mL C12E10, 300 mM KCl, 10 mM MOPS-
K, pH 7.4 at 4°C, 2 mM EGTA, 2 mM CaCl2, and 2 mM
DTT) under liquid nitrogen. The most active fraction eluted
from the column was used for the experiments (about 2 mL
in a typical preparation). The protein concentration in this
fraction was around 90µg/mL, and its activity was 309(
32 µmol of ATP hydrolyzed (mg of protein)-1 h-1. Protein
concentrations were measured according to Peterson (20).

Free Ca2+ and Mg2+. The concentration of free Ca2+ was
measured using a specific electrode (93-20, Orion Research,
Inc.) as described by Kratje et al. (21). Free Mg2+ was
calculated by measuring the displacement of Ca2+ from its
complexes with ATP and EGTA in media of the same
composition as those used to measure ATPase activity and
phosphoenzyme concentration. The concentrations of Mg2+

and Ca2+ given in the figures are those of the free cations.
Determination of Contaminant Mg2+. The concentration

of Mg2+ present in the incubation media in the absence of

added MgCl2 was determined as described by Caride et al.
(7), taking advantage of the fact that Mg2+ is an essential
activator of the Na+/K+-ATPase. The contaminant (free)
Mg2+ concentration was found to be 8µM.

Measurement of the Ca2+-ATPase ActiVity. ATPase activ-
ity was measured in a medium containing 30 mM Tris-HCl,
pH 7.4, 2 mM EGTA, enough calcium to reach 100µM
(free) Ca2+, 150 mM KCl, 0.5 mg/mL asolectin, 0.5 mg/mL
C12E10, and the concentrations of ATP and Mg2+ indicated
in the figures. Ca2+-ATPase activity was measured as the
difference between the activity in the aforementioned
medium and that in the same medium without Ca2+, i.e., in
the presence of 2 mM EGTA. The protein concentration
ranged from 2 to 5µg/mL purified enzyme. Release of Pi

from (γ-32P)ATP was estimated according to the procedure
of Richards et al. (3).

Phosphorylation Procedure.Purified PMCA (4µg) was
phosphorylated as described by Echarte et al. (16). Enzyme
phosphorylation was carried out in a medium containing 30
mM Tris-HCl (pH 7.4 at 4°C), 2 mM EGTA, enough
calcium to reach 100µM (free) Ca2+, 150 mM KCl, 0.5 mg/
mL asolectin, 0.5 mg/mL C12E10, and the different reagents
described in the legend to the figures. The reaction was
started by the addition of (γ-32P)ATP under vigorous stirring
and, after 3 min, was stopped with an ice-cold solution of
TCA (7% w/v final concentration).

Dephosphorylation Procedure.After the steady state was
reached, phosphorylation was stopped by the addition of 2
mM EGTA and enough asolectin, C12E10, ATP, and Mg2+

to maintain the phosphorylation conditions. Dephosphoryl-
ation was allowed to proceed during the time periods
described in the figures and stopped by adding TCA (10%
w/v). For these experiments we used a thermostated rapid
mixing apparatus, SFM-4 from Bio-Logic (France), as
described by Schwarzbaum et al. (22). The reaction mixture
was received in a conical tube and analyzed forEP (16).

Isolation of EP by SDS-PAGE. After the phosphorylation
reaction was stopped, the tubes were spun down at 7000 rpm
for 3.5 min at 4°C. The samples were then washed once
with 7% TCA, 50 mM H3PO4, and 0.5 mM ATP and once
with double distilled water and processed for SDS-PAGE.
For this purpose, the pellets were dissolved in a medium
containing 150 mM Tris-HCl (pH 6.5 at 14°C), 5% SDS,
5% DTT, 10% glycerol, and bromophenol blue (sample
buffer). Electrophoresis was performed at pH 6.3 (14°C) in
a 4-20% continuous gradient 1 mm thick slab gel. The
reservoir buffer was 0.1 M sodium phosphate, pH 6.3, with
0.1% SDS. Migration of the sample components took place
at 14 °C, with a current of 60 mA until the tracking dye
reached a distance of about 10 cm from the top of the gel.
Gels were stained, dried, and exposed to a X-OMAT film
(Kodak) at-70 °C as detailed in Echarte et al. (16).

Densitometric Analysis.Unsaturated autoradiograms and
stained gels were scanned with a Umax Vista S12 scanner.
Analysis of the images was performed with Sigmagel gel
analysis software (SPSS Inc.).EP quantification was achieved
as described in Echarte et al. (16).

Data Analysis.Experiments presented in Results were
representative of at least four independent experiments.
Theoretical equations were adjusted to the results by
nonlinear regression based on the Gauss-Newton algorithm
using commercial programs (Excel and Sigma-Plot for
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Windows). To choose among different equations, we applied
the second-order Akaike information criterion, that is

whereN is the number of data,S is the sum of weighted
square errors of residuals, andP is the number of parameters
of the fitted function (23). We chose the equations that gave
the lower value of AIC. Parameter values are given as their
mean( standard error. To solve the equations of the reaction
mechanism, we used Mathematica for Windows.

RESULTS AND DISCUSSION

EP Dependence on ATP Concentration at 4°C. In order
to determine the time at which the steady state was reached
covering a wide range of [ATP], we measured the concentra-
tion of phosphoenzymeEP as a function of time in media
with 10 µM or 1 mM ATP and 8µM Mg2+. Results, which
are shown in Figure 1, can be described by single exponential
curves withEP (steady state)) 51 ( 3 pmol/mg and rate
coefficientk ) 0.1( 0.01 s-1 at 10µM ATP andEP (steady
state)) 775 ( 53 pmol/mg andk ) 0.08 ( 0.02 s-1 at 1
mM ATP.

Figure 2 shows the steady-state level ofEP vs [ATP] from
5 to 2000µM measured in the presence of 8µM and 1 mM
Mg2+. The curves display a complex behavior that can be

empirically described by the sum of two components, a
hyperbolic one of high affinity for ATP and a sigmoid one
of lower affinity for the nucleotide. The continuous lines in
Figure 2 are plots of the empirical equation:

whereEPmax1 and EPmax2 are the maximal levels andKm1

andKm2 are apparent dissociation constants for ATP of the
high- and low-affinity components ofEP, respectively, and
n is a coefficient that measures the degree of sigmoidicity
of the second component. Values of the best fitting param-
eters are shown in Table 1. It is clear that while theEP level
at [ATP] tending to infinity, i.e.,EPmax1 + EPmax2, remains
almost unchanged with [Mg2+], the value ofEPmax1increases
(see inset) at the expense of that ofEPmax2. Increasing [Mg2+]
produces a 4-fold increase in the affinity for ATP of the
sigmoid component. When working at low [ATP], we
observe that ATP affinity is not modified by Mg2+, and its
value is in agreement with others previously reported (3, 24).
The value ofn was set at 1, 2, or 3 or was freely fitted to
the data. Table 1 shows that, according to the AIC criterion,
n ) 3 gave best fit for 8µM Mg2+ and that, at 1 mM Mg2+,
values of 2 and 3 were equally good, while whenn was
adjusted, values ofn were between 2 and 3 for both [Mg2+].

Usingn ) 2, eq 2 can be rearranged to a rational function
containing terms in [ATP] up to third degree, which indicates
that binding of ATP occurs at least in three different steps
of the reaction cycle (25). It is important to note that for
any steady-state property of an enzyme, as it is for the mea-
surement ofEP, this does not mean that the enzyme actually
possesses three different coexisting sites. Solving the equa-
tions for the currently accepted mechanism (Scheme 1) yields
a rational function of third degree that would be compatible
with the data obtained. When working at 8µM Mg2+, a value
of n ) 3 suggests that ATP would be involved in at least
four different steps of the reaction cycle. This is an indication
that the proposed mechanism does not explain the depen-
dence ofEP on [ATP] when working at limiting Mg2+

concentrations.
Dependence of Ca2+-ATPase ActiVity on the Concentration

of ATP at 4°C. In order to study how the dependence ofEP
on [ATP] would be reflected on the overall pump activity,
we determined the velocity of ATP hydrolysis under the same
conditions as those used to measure the formation ofEP.
Figure 3 shows the Ca2+-ATPase activity vs [ATP] curve
for purified enzyme in the presence of 8µM or 1 mM Mg2+.
In both cases, activity follows Michaelis-Menten kinetics,
which is characteristic of the calmodulin-free enzyme (26-
28). Although Vmax increases from 0.87( 0.03 µmol (mg
of protein)-1 h-1 to 3.7 ( 0.2 µmol (mg of protein)-1 h-1

when [Mg2+] is varied from 8µM to 1 mM, Km shows only
a slight change, from 34.2( 5.8 µM to 53 ( 10 µM, in
agreement with previous results (3). These values ofKm lay
between those reported for the high- and low-affinity ATP
sites of the PMCA in the presence of calmodulin (26, 29).

The Michaelis-Menten behavior observed for the results
in Figure 3, which contrasts with the more complex shape
of theEP vs ATP curves in Figure 2, could imply that some
of the reactions that depend on the concentration of ATP
and that are involved in the formation and breakdown of

FIGURE 1: Time course of phosphorylation. Phosphorylation of
purified PMCA was carried out at 4°C in the presence of 8µM
Mg2+ and 10µM (b) or 1 mM (O) ATP. The continuous line is a
single increasing exponential function of time with a rate coefficient
k equal to 0.08 s-1.

FIGURE 2: Steady-state level ofEP as a function of [ATP].
Phosphorylation of purified PMCA was carried out at 4°C in the
presence of 8µM (O) or 1 mM (b) Mg2+. The continuous line
represents the fitting of the empirical eq 2 to the experimental data
with the best fitting parameter values detailed in Table 1. Inset:
EP vs [ATP] up to 100µM. The data represent results of seven
independent experiments.

AIC ) N ln(S) + 2P (1)

EP )
EPmax1[ATP]

Km1 + [ATP]
+

EPmax2[ATP]n

Km2
n + [ATP]n

(2)
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theEP intermediates do not have a significant effect on the
rate of ATP hydrolysis. As a first approach to address this
point, we analyzed the ratio between the activity and the
steady-state level ofEP.

Dependence of the TurnoVer of EP on [ATP] at 4°C. The
lower left part of the model in Scheme 1 (Scheme 2)
describes the reactions in whichEP species are involved. In
steady-state conditions, the rate of ATP hydrolysis can be
expressed as

and the rate of dephosphorylation viak4a should equal the
net rate of binding/ dissociation of ATP toE2P, i.e.

Considering the total concentration ofEP:

the ratio betweenV and [EP], which is formally equal to the
turnover ofEP (kpEP), can be calculated as

where

and

Equation 6 predicts that as [ATP] increases from zero to
infinity, the turnover ofEP should vary fromkpEP0 to kpEP∞
along a hyperbola withK0.5 equal toKATP. An additional
advantage of this treatment is that the number of rate
constants to be analyzed is reduced to that appearing in
Scheme 2.

In Figure 4 we plottedkpEP as a function of the concentra-
tion of ATP. At 1 mM [Mg2+], kpEP increases with [ATP]
following a rectangular hyperbola (as predicted by eq 6). In
contrast, when 8µM Mg2+ is present,kpEP first grows,
reaches a maximum at 100-200 µM ATP, and then drops
significantly at higher concentrations of the nucleotide. It is
noticeable that for ATP concentrations below 200µM there

Table 1: Best Fitting Values of the Parameters of Eq 2 Adjusted to the Data in Figure 2 at 8µM or 1 mM Mg2+

value( 1 SE at 8µM Mg2+ value( 1 SE at 1 mM Mg2+

parameter

n 2.6( 0.3 3a 2a 1a 2.5( 1.0 3a 2a 1a

Km1 (µM) 12.5( 4.5 17.8( 6.3 6.1( 3.3 1.1( 4.2 6.7( 5.9 5.9( 4.2 4.4( 4.1 5.3( 5.5
EPmax1(pmol/mg) 223( 22 248( 24 178( 22 79( 3 548( 132 560( 70 485( 88 367( 172
Km2 (µM) 687 ( 49 692( 38 708( 76 1453( 329 162( 34 174( 26 149( 29 145( 81
EPmax2(pmol/mg) 877( 75 828( 62 995( 104 1703( 156 501( 143 445( 68 572( 83 793( 143
AIC 461 460 463 514 282 281 281 290

a These values ofn were fixed during the fitting analysis.

FIGURE 3: Ca2+-ATPase activity as a function of [ATP]. PMCA
Ca2+-ATPase activity was measured in the same conditions as those
used to measureEP in the presence of 8µM (O) and 1 mM (b)
Mg2+ at 4 °C. The continuous line represents the fitting of a
Michaelis-Menten equation to the experimental data. Error bars
represent the standard deviation of the data (n ) 3).

Scheme 2

FIGURE 4: kpEP as a function of [ATP]. Turnover of the phospho-
rylated intermediates of the erythrocyte PMCA was calculated as
the ratio between Ca2+-ATPase activity (Figure 3) andEP (Figure
2) in the presence of 8µM (O) and 1 mM (b) Mg2+. Values
obtained were plotted as a function of ATP. The continuous line
represents the fitting of eq 6 to the experimental data up to 200
µM. For higher concentrations of ATP these were drawn by eye.

ν
[EP]

) kpEP)
kpEP0

KATP + kpEP∞[ATP]

KATP + [ATP]
(6)

kpEP0
)

k3k40

k3 + k-3 + k40
(7)

kpEP∞ )
k3k4a

k3 + k4a
(8)

KATP )
(k-6 + k4a)(k3 + k-3 + k40)

k6 (k3 + k4a)
(9)

V ) [E2P]k40 + [E2P‚ATP]k4a ) [E1P]k3 - [E2P]k-3 (3)

[E2P‚ATP]k4a ) [E2P]k6[ATP] - [E2P‚ATP]k-6 (4)

[EP] ) [E1P] + [E2P] + [E2P‚ATP] (5)
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are no significant differences betweenkpEP at 8 µM and 1
mM Mg2+. For this range of concentrations of ATP,
continuous lines in Figure 4 represent the solution of eq 6
for its best fitting values:kpEP0 ) 18 ( 4 min-1, kpEP∞ ) 63
( 4 min-1, andKATP ) 27 ( 10 µM.

The behavior ofkpEP observed at 1 mM Mg2+ would
indicate that ATP accelerates the dephosphorylation of the
enzyme with high apparent affinity and is consistent with
the model proposed by Rega and Garrahan (see page 115 in
ref 2). A similar behavior has been previously reported for
the Na,K-ATPase (22), although the authors found that ATP
does not accelerate dephosphorylation, but they rather
postulate that the rate of theE1Pf E2P transition is affected.
On the contrary, when 8µM Mg2+ is present, results show
a more complex behavior and suggest that, in addition to
those shown in Scheme 2, other reactions connecting the
phosphorylated forms should be affected by the concentration
of ATP. The fact that at sufficiently high Mg2+ concentration
this complex behavior is not observed would indicate that
Mg2+ is driving the pathway to that of Scheme 2.

How Much Enzyme Can Be Phosphorylated?For the
PMCA, the amount ofEP obtained in the presence of
lanthanum is usually considered as a valid calculation of the
total active enzyme concentration (30-32). It has been
proposed that La3+ would act as a dead-end inhibitor capable
to bring the entire amount of functionally active enzyme into
the E1P form. If this were the case, and considering a
molecular weight of the PMCA of 138000, it is expected a
total of 7250 pmol ofEP/mg of enzyme. Results of the
measurement ofEP in our purified preparation as a function
of [La3+] and in the presence of 50µM ATP are shown in
Figure 5. Analysis of the data by nonlinear regression, fitting
a Michaelis-Menten-like equation plus a constant term,
gives a maximum concentration of 2270( 224 pmol ofEP/
mg of protein andK0.5 for La3+ of 191 ( 81 µM, with an
EP concentration in the absence of La3+ of 233( 163 pmol
of EP/mg of protein. Using the classical filtration method,
Kosk-Kosicka et al. (14) reported a maximum of 2400 pmol
of EP/mg of PMCA. This large difference with the predicted
value given above could be due to the presence of proteins
other than PMCA and/or to inactivation of the enzyme during
its purification process, as proposed for SERCA (33) and
for Na+/K+-ATPase (34). However, given the high level of
PMCA purity detected in the SDS-PAGE

gels and the mildness of the detergent used to purify the
enzyme used in our studies, these possibilities seem unlikely,
and other alternatives should be examined (see Concluding
Remarks below).

According to our results in Figures 2 and 5,EP in the
steady state represents a maximum of about 50% of the total
active enzyme at saturating ATP concentrations.

PMCA Dephosphorylation at 4°C. As we discussed above,
kpEP depends on the rates of bothEP dephosphorylation and
E1PT E2P transition. In order to discriminate which of these
steps are modified by ATP and hence modifykpEP, we
measured the time course of (γ-32P)EP decay after addition
of EGTA to the enzyme performing steady-state ATPase
activity.

Garrahan and Rega (35) showed that ATP accelerates
dephosphorylation only when the phosphoenzyme was
formed in the presence of Mg2+. Herscher et al. (5) obtained
values for dephosphorylation constants and studied the effect
of ATP when phosphoenzyme was formed in the presence
of low [ATP].

In this work, we measured the dephosphorylation rate once
phosphorylation has been carried out in the presence of both
low and physiological ATP concentrations. The effect of
Mg2+ in this process has been investigated as well. Figure 6
showsEP decay measured in the presence of 10µM (panel
A) or 1 mM (panel B) ATP and 8µM or 1 mM Mg2+. As
shown by Herscher et al. (5), EP decays in a biphasic way.
We fitted the following equation to the experimental data:

whereEPf andEPs are the amplitudes andkf andks are the
apparent rate constants of the fast and slowEP decay
components, respectively. The best fitting parameters for this
equation are detailed in Table 2.

It can be seen that ATP increases the dephosphorylation
rate in the presence of both limiting and nonlimiting Mg2+

concentrations. These results agree with those found by
Muallem and Karlish (27) but only partially with those
reported by Rega and Garrahan (36), who observed that ATP
had no effect on the dephosphorylation rate in the absence

FIGURE 5: EP dependence on La3+ concentration. Phosphorylation
of purified PMCA was carried out in the presence of 50µM (γ-
32P)ATP and different [La3+]. Error bars represent the standard
deviation of the data (n ) 4). The continuous line represents the
fitting of a Michaelis-Menten-like equation plus a constant term
(for parameter values see the main text).

FIGURE 6: Time course of dephosphorylation of PMCA. Phospho-
rylation of purified PMCA was carried out at 4°C in the presence
of 10 µM (b) or 1 mM (O) (γ-32P)ATP and 8µM (A) or 1 mM
(B) Mg2+. After 3 min incubation, the reaction was stopped by
adding a 2 mMEGTA solution. Dephosphorylation was allowed
to proceed during the time lapse detailed in each figure and then
stopped by protein precipitation with TCA (7%). Results are plotted
as the percent of their initial values, which were (in pmol/mg of
protein) (A) 51.3 at 10µM ATP, 814 at 1 mM ATP and (B) 342
at 10µM ATP, 968 at 1 mM ATP. Continuous lines represent the
fitting of eq 10 to the experimental data with best fitting parameters
detailed in Table 2.

EP ) EPfe
-kft + EPse

-kst (10)
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of added Mg2+. From the values in Table 2 and considering
that the initial rate of dephosphorylation (r0) can be calculated
as

our results show that ATP produces only a 3-fold increase
of the initial rate of dephosphorylation at 8µM Mg2+ (from
49% to 142% per second) but a 12-fold increase at 1 mM
Mg2+ (from 88% to 1056% per second). Note that ATP
increases both the fast and slow dephosphorylation processes
regardless of the Mg2+ concentration. It is generally accepted
that the fast dephosphorylation component is due to that of
E2P while the slow component reflects theE1P f E2P
transition (5). Therefore, an increase of the slow dephos-
phorylation component strongly suggests that this latter step
is being accelerated by ATP.

At low ATP concentrations, Mg2+ does not produce any
significant effect either on the dephosphorylation rate or on
the proportion betweenEPf andEPs, suggesting that, at this
concentration of ATP, Mg2+ does not affect theE1P f E2P
conformational transition. In the presence of 1 mM ATP,
Mg2+ accelerates both slow and fast dephosphorylation
components, but in contrast with observations by Hersher
et al. (5), it still does not show any significant effect on the
proportion betweenEPf andEPs. This fact could be explained
if the cation accelerated theE1P T E2P conformational
transition similarly in both directions.

Interactions of Mg2+ and ATP with EP at 4°C. A detailed
study of the effect of Mg2+ on EP at different ATP
concentrations was carried out. Figure 7 shows the results
of experiments whereEP was measured in steady-state

conditions in media with 10µM-2 mM ATP and from 8 to
500µM Mg2+. It can be seen thatEP grows hyperbolically
with [Mg2+] for all ATP concentrations tested. The continu-
ous lines represent the fitting of the following equation to
the experimental data:

whereEP0 and EPmax are the concentrations ofEP in the
absence of Mg2+ and at concentrations of the cation tending
to infinity, respectively, andKMg is the concentration of Mg2+

for half-maximal activation.
Figure 7B shows the values ofEP0 and of EPmax as a

function of [ATP], which are very similar to the results
shown in Figure 2 for 8µM and 1 mM Mg2+, respectively.
In Figure 7C we plotted the values ofKMg as a function of
[ATP]. Despite their large error, the values show a clear trend
in the direction of ATP increasing the affinity for Mg2+, as
would be expected from the fact that Mg2+ seems to increase
the affinity for ATP of the low-affinity component of the
curves in Figure 2.

Effects of ATP on kpEP at 25 °C. Reaction Scheme 1 has
been formulated by combining the knowledge on the
elementary steps and steady-state kinetics of the Ca2+-
ATPase (see page 114 in ref2), generally based on
measurements carried out at different temperatures. In the
case of P-ATPases, Arrhenius plots have been found to be
nonlinear (37-39), showing higher slopes at lower temper-
atures. This deviation from linearity might mean that different
steps during the reaction cycle become rate-limiting at
different temperatures (40). One reason for the disagreement
between our results and the predictions of Scheme 1 (e.g.,
for EP andkpEP) could be that the experiments were done at
low temperature. To investigate this hypothesis, we per-
formed experiments and determinedkpEP at 25°C using the
same procedures described above for the experiments done
at 4 °C.

Results ofEP vs [ATP] measured at 25°C are shown in
Figure 8. We found that results are best described by a sum
of two Michaelis-Menten-like equations. The best fitting
values of the parameters are shown in Table 3. It seems
interesting to note that, as we observed at 4°C, Mg2+

FIGURE 7: Steady-state level ofEP as a function of [ATP] and
[Mg2+]. Phosphorylation of purified PMCA was carried out at 4
°C in the presence of 8-500µM Mg2+ and with 10 (b), 100 (O),
250 (9), 500 (0), and 2000 (1) µM ATP, respectively. TheEP
steady-state level was plotted as a function of Mg2+ for each [ATP]
assayed (panel A). Continuous lines represent the fitting of eq 12
to the experimental data. Panels B and C are the values ((1 SD)
of EP0 andKMg as a function of ATP, respectively.

Table 2: Best Fitting Values of the Parameters of Eq 10 Adjusted
to the Data in Figure 6

8 µM [Mg] 1000 µM [Mg]

parameter
10 µM
[ATP]

1000µM
[ATP]

10 µM
[ATP]

1000µM
[ATP]

EPf (%) 75( 5 52( 5 67( 6 43( 7
kf (s-1) 0.65( 0.10 2.6( 0.6 1.3( 0.2 23( 8
EPs(%) 25( 4 47( 5 33( 6 56( 6
ks(s-1) 0.014( 0.010 0.15( 0.03 0.033( 0.031 1.2( 0.2

r0 ) EPfkf + EPsks (11)

FIGURE 8: Phosphorylation of PMCA as a function of [ATP] at 25
°C. Phosphorylation was carried out in the presence of 8µM (O)
or 1 mM (b) Mg2+ (n ) 3). The continuous lines represent the
fitting of the sum of two Michaelis-Menten-like equations to the
experimental data with best fitting parameters detailed in Table 3.

EP ) EP0 +
(EPmax- EP0)[Mg2+]

[Mg2+] + KMg

(12)
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increases the apparent affinity for ATP. However, in contrast
with the results obtained at low temperature, the maximal
EP level attained at 1 mM Mg2+ almost doubles that obtained
at 8 µM Mg2+.

Ca2+-ATPase activity exhibits Michaelis-Menten kinetics
(Figure 9). In agreement with previous results (3), Mg2+ does
not modify considerably the apparent affinity for ATP (Km

values were respectively 14.3( 2.1 and 29.3( 2.4 µM at
8 µM and 1 mM [Mg2+]). On the other hand,Vmax increases
from 29 ( 1 µmol/(mg‚h) to 241( 6 µmol/(mg‚h) when
Mg2+ concentration rises from 8µM to 1 mM.

We calculatedkpEP and plotted it as a function of [ATP]
in Figure 10. At 1 mM Mg2+, EP turnover increases with
[ATP] from 80 ( 37 min-1 to 5094( 359 min-1 along a
hyperbolic curve withK0.5 ) 6.3 ( 1.4 µM. Conversely,
and as we observed at 4°C, at 8µM Mg2+ kpEP grows to a
maximum and then drops with increasing ATP concentration.

Consequently, the same conclusions as those reached for the
results obtained at 4°C apply to the results at 25°C.

Concluding Remarks.Results in this paper show (to our
knowledge for the first time) that the steady-state level of
EP varies with [ATP] in a nonhyperbolic manner when the
concentration range of the nucleotide is extended to physi-
ological levels. This complex behavior of phosphorylated
intermediates is not observed for the results of the Ca2+-
ATPase activity. The fact that theKm values for the activity
are intermediate between those calculated for phosphorylation
could be reflecting that the complex behavior observed for
steady-stateEP is hidden under the appearance of a single
Michaelis-Menten curve for the activity.

Mg2+ seems to increase the apparent affinity for ATP of
the low-affinity component of the steady-state level ofEP,
but it shows no significant effect on its high-affinity
component or on the Ca2+-ATPase activity.

The maximal steady-state level ofEP never surpasses 50%
of that obtained in the presence of saturating [La3+], which
is generally assumed to represent the total amount of active
enzyme. This could indicate that dephosphorylation ofE2P
is not the only rate-limiting step in the reaction cycle. In
fact, Adamo et al. (41) observed that, for PMCA from pig
red cells and working at 37°C, theE2 f E1 conformational
transition should be at least one of the rate-limiting steps of
the cycle. Alternatively, according to the proposal by
Mahaney et al. for the SERCA (42), this result could be
interpreted as if, in the absence of La3+, two ATPase units
were functioning in an out-of-phase mode, being only one
of such units able to undergo phosphorylation at a time. If
this were the case, studies involving chemical cross-linkers
and fluorescence energy transfer (FRET) measurements
would help to investigate a possible oligomeric organization
of the ATPase in our preparation. We are at present carrying
out FRET experiments with this aim.

The analysis ofkpEP shows that the currently accepted
model fails to explain the kinetics of purified PMCA at
physiological ATP concentrations. Whether a modified
version of this model is able to explain the results or an
entirely new model is necessary is being evaluated (unpub-
lished results).
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