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ABSTRACT: Quenched-flow mixing was used to characterize the kinetic behavior of the intermediate reactions
of the skeletal muscle sarcoplasmic reticulum (SR) Ca-ATPase (SERCA1) at 2 and 21°C. At 2 °C,
phosphorylation of SR Ca-ATPase with 100µM ATP labeled one-half of the catalytic sites with a biphasic
time dependence [Mahaney, J. E., Froehlich, J. P., and Thomas, D. D. (1995)Biochemistry 34, 4864-
4879]. Chasing the phosphoenzyme (EP) with 1.66 mM ADP 10 ms after the start of phosphorylation
revealed mostly ADP-insensitive E2P (95% of EPtotal), consistent with its rapid formation from ADP-
sensitive E1P. The consecutive relationship of the phosphorylated intermediates predicts a decrease in
the proportion of E1P ([E1P]/[EPtotal]) with increasing phosphorylation time. Instead, after 10 ms the
proportion of E1P increased and that of E2P decreased until they reached a constant 1:1 stoichiometry
([E1P]:[E2P]∼ 1). At 21°C, phosphorylation displayed a transient overshoot associated with an inorganic
phosphate (Pi) burst, reflecting increased turnover of E2P at the higher temperature. The Pi burst exceeded
the decay of the EP overshoot, suggesting that rephosphorylation of the enzyme occurs before the recycling
step (E2f E1). This behavior and the reversed order of accumulation of phosphorylated intermediates
at 2 °C are not compatible with the conventional linear consecutive reaction mechanism: E1+ ATP f
E1‚ATP f E1P+ ADP f E2Pf E2‚Pi f E1 + Pi. Solubilization of the Ca-ATPase into monomers
using the nonionic detergent C12E8 gave a pattern of phosphorylation in which E1P and E2P behave like
consecutive intermediates. Kinetic modeling of the C12E8-solubilized SR Ca-ATPase showed that it behaves
according to the conventional Ca-ATPase reaction mechanism, consistent with monomeric catalytic function.
We conclude that the nonconforming features of native SERCA1 arise from oligomeric protein
conformational interactions that constrain the subunits to a staggered or out-of-phase mode of operation.

The Ca2+ pump of sarcoplasmic reticulum (SR)1 is an
adenosinetriphosphatase (SERCA1) that utilizes the energy
of ATP hydrolysis to drive uphill Ca2+ accumulation. This
is accomplished through a specific sequence of protein
conformational changes that are linked to the formation and
breakdown of chemical intermediates in the Ca-ATPase
reaction cycle (see Scheme 1).

Coupling of the enzymatic reactions to the conformational
events enables the chemical energy from ATP to be
converted into electrochemical (Ca2+ gradient) work. Uni-
directional operation of the Ca2+ pump relies on an efficient
mechanism of energy transduction that involves ATP-driven
changes in protein conformation at all levels of structural
organization. Ca2+ binding at high-affinity sites in the
transmembrane domain (1) induces changes in the secondary
and tertiary structure of the nucleotide (N) and phorphory-
lation (P) domains that promote high-affinity ATP binding
and enzyme phosphorylation (2). Likewise, enzyme confor-
mational changes associated with phosphoenzyme formation
are transmitted via a long-range intramolecular linkage to
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the high-affinity Ca2+ binding sites, changing their orientation
toward the SR lumen and lowering their affinity for Ca2+

(3-5). The role of quaternary structure in SERCA1 catalytic
function is controversial (6-8). Indeed, there is evidence to
suggest that monomeric Ca-ATPase as depicted in Scheme
1 is fully capable of active Ca2+ transport and that protein-
protein interactions are not essential for catalytic activity (6).
Intermolecular interactions have been reported in a number
of studies employing kinetic (9-19) and spectroscopic
techniques (20-31). These contrasting observations raise
questions about the specificity of these intermolecular
interactions and the role they have in active Ca2+ transport.

Studies of the ATP concentration dependence of SERCA1
have shown that, in addition to participating as a substrate
for phosphorylation, ATP modulates several of the Ca-
ATPase partial reactions after phosphorylation (7). Inesi et
al. (32) and Yamamoto and Tonomura (33) found that high
(0.2-1 mM) ATP concentrations stimulate overall ATPase
activity by an allosteric mechanism involving a low-affinity
ATP binding site. Subsequent measurements of the [ATP]
dependence of E2P hydrolysis by rapid mixing (10) and Pi

T HOH 18O exchange (34) revealed a separate high-affinity
(micromolar range) ATP binding site in the catalytic mech-
anism. In addition to ATP, the cofactors for phosphorylation,
Ca2+ and Mg2+, were shown to activate pre-steady-state E2P
hydrolysis, suggesting that the high-affinity allosteric site
for ATP-dependent regulation involves the neighboring
catalytic site in a Ca-ATPase oligomer (11). This hypothesis
is consistent with X-ray diffraction evidence for a single
nucleotide binding site in the crystal structure of SERCA1
(4, 5). The vacant site created by the departure of ADP from
the catalytic site following E1P formation can accommodate
a second molecule of ATP (8, 35) but only weakly binds
MgATP (the predominant ATP species in the assay) because
of steric hindrance by Mg2+ bound at the catalytic site. This
suggests that the phosphorylated enzyme does not contain
the high-affinity allosteric site for the activation of E2P
hydrolysis by MgATP (10, 34).

Rapid mixing studies of phosphorylation by ATP (36)
suggest that the kinetics of this reaction is controlled by a
conformational change that is induced by MgATP binding
and that leads to the formation of a second Michaelis
complex, E1′(Ca2)‚MgATP (step 2, Scheme 1). This transi-
tion has been studied by fluorescence spectroscopy (22, 37-
40) and by electron paramagnetic resonance (EPR) spec-
troscopy (41-43) using an iodoacetamide spin label (IASL)
covalently attached to Cys-674 in the cytoplasmic domain
of the transport protein (44). The interaction of various
ligands (ATP, ADP, AMPPCP) with the catalytic site induces
a conformational change that restricts the rotational mobility
of a specific fraction of these EPR spin probes, producing a
resolved EPR signal component corresponding to strong
immobilization. This signal coincides with the appearance
of E1′(Ca2)‚MgATP and persists during the formation of
E1P(Ca2) (45-47) but is not produced by back-door phos-
phorylation of the enzyme using Pi (48). On the basis of
these results, the immobilized EPR signal is believed to
monitor the formation of ADP-sensitive E1P (which is rate-
limited by E1′(Ca2)‚MgATP formation) and disappear upon
its conversion to ADP-insensitive E2P. The persistence of
this EPR signal under steady-state cycling conditions is
consistent with the results of ADP chase experiments

demonstrating the presence of high levels of E1P during
ATP-dependent phosphorylation (9).

We previously reported (12) the kinetic characterization
of the IASL EPR signal associated with the first turnover of
the Ca2+ pump in SR membrane vesicles at 2°C. Synchro-
nous activation of Ca-ATPase was achieved by laser flash
photolysis of NPE-caged ATP, a protected ATP analogue
(reviewed in ref49). An unusual feature of the EPR signal
was its correlation with a slow, secondary phase of acid-
stable phosphoenzyme formation produced by mixing the
Ca2+-liganded enzyme with MgATP. The biphasic phos-
phorylation pattern at 2°C, which is accentuated by high
[KCl], was resolved into fast and slow phases, suggesting
parallel reaction pathways. Raising the [KCl] from 0.1 to
0.4 M resulted in concomitant slowing of the secondary phase
of phosphorylation and the transient EPR signal without
affecting the kinetics of the fast phosphorylation reaction.
We attributed the kinetic heterogeneity of phosphoenzyme
formation to a Ca-ATPase dimer in which the protomers are
coupled through a conformational interaction, permitting only
staggered or out-of-phase operation during cycling (12):

Conformational coupling delays the left-hand subunit relative
to its partner in carrying out the catalytic transformations of
the Ca2+ pump (13), resulting in the stable asymmetrical
oligomeric intermediate, E1P(Ca2)/E2P(Ca2) (step 2). The
presence of this species accounts for the similar proportions
of E1P and E2P in the steady state (12) and the rapid pre-
steady-state accumulation of both phosphorylated intermedi-
ates in the absence of a highly reversible E1PT E2P
transition (9). Elimination of oligomeric coupling destabilizes
E1P, thus accounting for its disappearance following solu-
bilization of SERCA1 with the monomer-forming detergent
C12E8 (14, 52). To explain the absence of a rapid EPR signal
corresponding to the formation of E1(Ca2)‚MgATP/E1P(Ca2)
in the first step, one can assume that the second step is very
fast, which would rapidly deplete signal-producing E1P on
the right-hand subunit. This is consistent with quenched-
flow evidence demonstrating rapid accumulation of E2P at
21 °C (9), but conflicts with observations at 2°C (12) in
which the secondary phase of phosphorylation and the
corresponding EPR signal controlled by step 2 obey slow
kinetics. It is not known how rapidly E1P is converted to
E2P in the pre steady state at 2°C or whether the slow EPR
signal monitors some other conformational change in the
transport protein controlling phosphorylation. Additional
experiments are needed to determine the origin of the EPR
signal and the kinetics of the E1Pf E2P transition at
reduced temperatures.

In the present study, we monitored the kinetics of E1P
and E2P formation at 2°C in two-stage quenched-flow
mixing experiments using ADP or ADP+ high [Ca2+] to
chase the phosphoenzyme formed from MgATP. Several
laboratories have reported that dephosphorylation by ADP
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produces fast and slow phases of phosphoenzyme decay
(53-56). Froehlich and Heller (9) showed that inorganic
phosphate (Pi) production accompanies the slow decay phase
at 21 °C and that mixing with ADP+ millimolar Ca2+

([Ca2+]-jump conditions) accelerates dephosphorylation and
concomitant Pi production while decreasing total Pi produc-
tion. These features are consistent with a model in which
the initial decay represents the disappearance of E1P to E1‚
ATP (reversal of phosphorylation), while the slow decay
corresponds to the transformation of E2P to E2 and Pi (at
low [Ca2+]) or to E1‚ATP via E1P (at high [Ca2+]). In this
study, the relative proportions of the acid-stable intermediates
were monitored over time using a phosphoenzyme chase
solution containing 5 mM ADP alone or with 15 mM Ca2+

added to distinguish the presence of E2P. A parallel set of
quenched-flow experiments was carried out using the C12E8-
solubilized (monomeric) Ca-ATPase for comparison with the
native membranous enzyme. The results of the ADP chase
experiments in the native enzyme at 2°C conflict with the
predictions of the Albers-Post model or any purely linear
reaction scheme in which E1P and E2P are consecutive
intermediates. A revised mechanism that accommodates our
results assumes that the native Ca-ATPase is an oligomer
with coupled parallel catalytic pathways that operate out of
phase with each other. In contrast to native SERCA1, the
C12E8-solubilized enzyme demonstrated kinetic behavior that
was fully consistent with monomeric catalysis as shown in
Scheme 1. We conclude that steady-state E1P accumulation
in SERCA1 is associated with Ca-ATPase oligomer forma-
tion and that the intermolecular conformational interactions
reflected in this behavior play an important role in vectorial
Ca2+ transport catalyzed by the fast skeletal muscle Ca-
ATPase isoform.

MATERIALS AND METHODS

Reagents and Solutions. Polyoxyethylene 8 lauryl ether,
or C12E8 (Nikko Chemicals, Tokyo), was twice recrystallized
from diethyl ether to remove impurities. The white crystalline
material was stored under dry nitrogen at-20 °C. The
calcium ionophore A23187 was obtained from Calbiochem,
and ATP and MOPS were obtained from Sigma. All other
reagents were of the highest purity available. Unless other-
wise noted, all quenched-flow experiments were carried out
in a buffer containing 5 mM MgCl2, 0.45 mM CaCl2, 0.5
mM EGTA (3.5 µM free Ca2+), 20 mM MOPS, pH 7.0
(henceforth denoted standard buffer), and a [KCl] of either
0.1 or 0.4 M, as indicated.

Preparations and Assays. Sarcoplasmic reticulum (SR)
vesicles were prepared from the fast twitch skeletal muscle
of New Zealand white rabbits as described previously (12).
SR vesicles prepared in this fashion were typically 75% Ca-
ATPase (∼7 nmol of Ca-ATPase/mg of SR) and contained
approximately 80 mol of phospholipid/mol of Ca-ATPase
(57). Calcium-dependent ATPase activity of Ca2+ ionophore
(A23187) treated SR vesicles was measured as described in
Squier and Thomas (58). SR protein concentrations were
determined by the biuret assay (59) using bovine serum
albumin as a standard. For preparation of monomeric Ca-
ATPase, the native enzyme was solubilized by exposure to
the nonionic detergent, C12E8 (50), at a 10:1 ratio of detergent
to SR protein in the following medium: 0.1 M KCl, 3 mM
MgCl2, 1.5 mM CaCl2, 1 mM EGTA, 50µM mercaptoeth-

anol, and 20 mM TES buffer, pH 7.0 at 21°C (52). The
insoluble residue was separated from the solubilized enzyme
by centrifugation at 140000g for 1 h at 4°C and the protein
concentration determined by the Petersen modification of the
Lowry procedure (60).

ATP-Dependent Phosphoenzyme Formation. Rapid mixing
studies were performed as described by Froehlich and Heller
(9) using a quenched-flow apparatus equipped for one- and
two-stage mixing operations (61). Measurements were carried
out at room temperature (21( 0.5 °C) or at 2( 0.5 °C by
conducting the experiments in a cold room. The enzyme-
and substrate-containing syringes both contained 5 mM
MgCl2, 0.45 mM CaCl2, 0.5 mM EGTA, 20 mM MOPS,
pH 7.0, and 0.1 M KCl. The enzyme syringe also included
the calcium ionophore, A23187 (1µg/0.05 mg of SR
protein), to prevent intravesicular Ca2+ accumulation. Phos-
phoenzyme formation was initiated by mixing SR vesicles
(0.5 mg/mL) with an equal volume of the substrate medium
containing 20 or 200µM [γ-32P]ATP. After a variable time
delay (4-300 ms), the reaction was terminated by the
addition of 3% perchloric acid+ 2 mM H3PO4 (final
concentrations). The assays for the [32P]phosphoenzyme and
[32P]Pi in the acid-quenched reaction mixture were carried
as previously described (9, 12). Protein recovery following
the washing procedure was greater than 95% as determined
by protein assay. Radioisotope in the protein pellet and in
the charcoal-extracted supernatant was determined by count-
ing the Cerenkov radiation of samples mixed with 1 N
NaOH.

Dephosphorylation of the Phosphoenzyme by ADP. ADP
dephosphorylation experiments at 2 and 21°C were carried
out as described previously by Froehlich and Heller (9). SR
vesicles (0.375 mg/mL) were made permeable to Ca2+ with
A23187 (1 µg/0.05 mg of SR protein) except in the
experiments with passively loaded vesicles (see below). The
membranes were phosphorylated as described above with
20 µM or 0.2 mM [γ-32P]ATP for a pre-set time interval,t
(6, 10, 116, and 223 ms). Dephosphorylation by ADP was
initiated by mixing 2 volumes of the phosphorylation reaction
mixture with 1 volume of a chase solution containing 5 mM
ADP (1.66 mM final concentration), 100 mM KCl, 5 mM
MgCl2, 0.45 mM CaCl2, 0.5 mM EGTA, and 20 mM MOPS,
pH 7.0. After a variable time delay (0-300 ms), the
dephosphorylation reaction was terminated with 3% per-
chloric acid + 6 mM H3PO4 and the quenched reaction
mixture assayed for32P-labeled phosphoenzyme and [32P]Pi

as described previously (9, 12). In the [Ca2+]-jump experi-
ments, EGTA was left out of the dephosphorylation chase
which contained 15 mM CaCl2 in addition to 5 mM ADP to
give a final Ca2+ concentration of 5 mM after mixing. For
ADP dephosphorylation experiments using Ca2+-preloaded
SR vesicles, native SR vesicles (0.75 mg/mL) were passively
loaded with 5 mM CaCl2 for 6 h on ice in amedium
containing 50 mM KCl, 5 mM CaCl2, 3 mM MgCl2, and 40
mM MOPS, pH 6.8. To initiate phosphoenzyme formation,
Ca2+-loaded vesicles at 21°C were mixed with an identical
solution containing 20µM [γ-32P]ATP and 5 mM EGTA
without added CaCl2. Chelation of the Ca2+ by EGTA after
mixing rapidly lowered the extravesicular free [Ca2+] to
∼100µM. The higher buffer concentration employed in these
experiments (40 mM MOPS) was used to prevent an acid
shift in the pH from the protons released from EGTA upon
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chelation of Ca2+. Dephosphorylation was initiated by mixing
with a solution containing 5 mM ADP with or without 15
mM CaCl2 as described above. Control, unloaded SR vesicles
were treated in a similar fashion, except that CaCl2 was
omitted from the buffer during the 6 h incubation on ice,
and the membrane vesicles were phosphorylated with a
solution containing 20µM [γ-32P]ATP and 0.1 mM CaCl2.

Quenched-Flow Experiments with C12E8-Solubilized Ca-
ATPase.The nonionic detergent, C12E8 (polyoxyethylene 8
lauryl ether), solubilizes the SR Ca-ATPase into monomers
with retention of enzymatic activity (50). Active Ca-ATPase
monomers were prepared using C12E8 (Nikko Chemicals) and
the conditions for solubilization described by Andersen et
al. (52). The solubilized enzyme (0.5 mg/mL) was suspended
in a medium containing 100 mM KCl, 3 mM MgCl2, 1.5
mM CaCl2, 1 mM EGTA, 50µM mercaptoethanol, and C12E8

(5 mg/mL) and mixed at 21°C with an equal volume of the
substrate medium of identical ionic composition containing
20 µM [γ-32P]ATP. Samples obtained at the beginning and
the end of the rapid mixing experiment showed similar
phosphorylation activity. Determination of the phosphory-
lated protein in the acid-quenched samples was the same as
in the native enzyme except that 200µL of 1% deoxycholic
acid was added to each sample tube to quantitatively
precipitate the32P-labeled phosphoprotein. In the inorganic
phosphate assay, the presence of detergent necessitated two
extractions with activated charcoal to remove the unhydro-
lyzed nucleotide prior to forming the phosphate-molybdate
complex. Dephosphorylation was accomplished by chasing
the phosphoenzyme with a solution containing 5 mM ADP
(1.66 mM, final), 100 mM KCl, 3 mM MgCl2, and 20 mM
TES, pH 7.0 at 21°C. The ADP chase was added after 6
and 116 ms of phosphorylation to monitor the accumulation
of the phosphorylated intermediates (E1P and E2P) during
the pre-steady state and steady state of phosphorylation,
respectively. In a few experiments, 5 mM CaCl2 was included
in the ADP chase solution ([Ca2+]-jump conditions) to induce
Ca2+ binding to the low-affinity sites on E2P and stimulate
its breakdown in the direction of E1‚ATP (9).

CurVe Fitting and Kinetic Modeling. Dephosphorylation
induced by chasing with ADP exhibited a fast phase (not
resolved) corresponding to the disappearance of E1P, a
secondary phase corresponding to the disappearance of E2P,
and a very slow phase, representing the decay of a stable
phosphoenzyme component, ESP (9). ADP-induced phos-
phoenzyme decomposition was modeled with a multiexpo-
nential function using the Marquardt-Levenberg-based
routines contained in MLAB (62). The best fit was achieved
with a triexponential decay function:

where Ai and ki are the amplitude coefficient and rate
constant, respectively, for theith decay phase (i ) 1, 2, 3).
For each experiment, the best fit was chosen on the basis of
optimization of the determination coefficient,R2, and mini-
mization of the difference between the fitted curve and data
points (sum-of-squares error). Initial values for the ampli-
tude (Ai) and rate (ki) parameters were obtained from semilog
plots of the data; these were allowed to vary without bound
during the fit constrained only to the range of positive
numbers (Ai ) 0; ki ) 0). Iteration was continued until the

fit converged (indicated by unchangingR2 and sum-of-
squares error between successive iterations).

We experienced two complications in applying eq 1 to
the ADP chase data. First, ADP-induced phosphoenzyme
decay did not always conform to a simple pattern, but in
some cases EP increased briefly prior to decaying (cf. Figure
1A, filled circles) or increased slowly after an initial decay
(cf. Figure 1A-C, filled squares). The former situation
reflects continued phosphorylation from bound ATP (E1‚

[EP]t ) A1 exp(-k1t) + A2 exp(-k2t) + A3 exp(-k3t) (1)

FIGURE 1: Phosphoenzyme decomposition in the presence of 0.1
M KCl at 2 °C following the addition of ADP or ADP+ Ca2+

([Ca2+] jump) to SR vesicles phosphorylated for 6 ms (panel A),
10 ms (panel B), or 116 ms (panel C). SR vesicles (0.375 mg of
protein/mL), permeabilized with the Ca2+ ionophore A23187 (1
µg/0.05 mg of SR protein), were phosphorylated by 0.1 mM [γ-32P]-
ATP in a solution containing 100 mM KCl, 5 mM MgCl2, 0.45
mM CaCl2, 0.5 mM EGTA (3.5µM ionized Ca2+), and 20 mM
MOPS (pH 7.0). After 6, 10, or 116 ms of phosphoenzyme
formation, either (filled circles) 1.66 mM ADP or (filled squares)
1.66 mM ADP+ 5 mM CaCl2 (final concentrations) was added,
and the reaction was terminated at the indicated times by the
addition of 3% perchloric acid+ 2 mM H3PO4. In the dephos-
phorylation experiment using SR vesicles phosphorylated for 116
ms (panel C), inorganic phosphate (Pi) liberation following the
addition of (open circles) 1.66 mM ADP or (open squares) 1.66
mM ADP + 5 mM CaCl2 (final concentrations) was also measured.
The curves through the data points represent the best fits using the
parameters listed in Table 1.
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ATP) after addition of the ADP chase while the latter reflects
“rebound” phosphorylation after chasing with ADP+ high
[Ca2+] ([Ca2+] jump). In both cases, we fit the data using
the equation:

where A3, representing the level of the residual or stable
phosphoenzyme, is equal to the sum ofA1 and A2. In the
former case,k1 andk2 correspond respectively to the brief
rise and slow ADP-induced decay following the decay, while
in the latter case they correspond to the rapidly decaying
and slowly rising (rebounding) phases of phosphorylation.
In experiments where an initial fast decay appeared prior to
the slow decay and/or rebound behavior (Figure 1B,C, filled
circles and squares), the data were fit with eq 2 using the 4
ms data point as a zero-time point. This reduced the number
of exponentials in the fit from 3 to 2, but did not affect the
kinetic parameters because EP decomposition prior to 4 ms
is not time-resolved (see below).

The second problem in modeling the ADP chase data
involved the initial decay, which corresponds to the resyn-
thesis of ATP by reversal of step 3: ADP+ E1P(Ca2) T
E1′(Ca2)‚ATP. Attempts to fit this phase to an exponential
decay led to an underestimation of its rate and overestimation
of its amplitude because the curve-fitting program assumes
that the first resolved data point (usually att ) 4 ms) after
addition of the ADP chase (at zero time) lies on the fast
phase. We have evidence that the fast decay does not reflect
the enzymatic reversal of phosphorylation but, instead,
represents a chemical transformation in the acid-denatured
protein after the quench has been added (see Results and
Discussion). To circumvent this problem, we assigned the
initial phase an arbitrarily large rate (k1 > 1000 s-1) so that
its decay is complete prior to the 4 ms data point. In this
approximation, phosphoenzyme measured at 4 ms consists
only of E2P plus the stable phosphoenzyme, ESP. Values
for the decay rate constants (k2, k3) and amplitude coefficients
([E2P]0, [ESP]0) for E2P and ESP were obtained from the
computer-generated fit to the curve defined by the data points
between 4 and 542 ms. Since the zero-time phosphoenzyme,
[EPtotal]0, consists of three species, [E1P], [E2P], and [ESP],
the amount of E1P at zero time can be calculated by
subtraction of the other two components:

The fraction of phosphoenzyme present as E1P att ) 0
equals 100[E1P]0/([E1P]0 + [E2P]0), where the contribution
from the stable component, ESP, is not included in the
calculation because it arises parallel to the main catalytic
pathway (9). An analogous expression was used to calculate
the fraction of phosphoenzyme present as E2P.

The kinetic model used for simulating time-dependent EP
and Pi formation measured in the single-stage quenched-flow
experiments at 21°C is a simplified version of the Albers-
Post scheme shown in Scheme 1:

The distribution of intermediates in the reaction cycle is

determined by the forward,ki, and reverse,k-i, rate constants,
wherei ) 1, 2, 3, 4, 5. The formation and breakdown of the
reaction cycle intermediates over time are each defined by
a differential equation of the form (63):

whereAj andAk (j * k) are intermediates,km andkn are rate
constants, the first term on the right represents the sum of
reactions producingAj, and the second term represents the
sum of reactions convertingAj to precursors and products.
The kinetic model in eq 4 is defined by a set of seven
differential equations and a conservation equation relating
the total enzyme concentration, [Etotal], to the sum of the
intermediate concentrations (see Appendix). Computer simu-
lations of EP (E1P+ E2P) formation and Pi release were
done by simultaneously integrating the set of equations
derived from the model using MLAB (62). Initially ( t ) 0),
[Etotal] ) [E1], and all other intermediates and products have
a value of zero. The back-reactions for ADP and Pi release
were neglected because product formation during the initial
stages of ATP hydrolysis is negligible. All of the reactions
with the exception of step 1, involving ATP binding to E1,
and step 4, involving the reversible hydrolysis of E2P (34),
were modeled as irreversible reactions. Initial values for the
rate constants,ki andk-i, were obtained from the literature
(9-11). Visual inspection was used with trial-and-error
adjustment of the kinetic parameters to optimize the computer-
generated fit of the model to the experimental data.

RESULTS

Dephosphorylation of the Phosphoenzyme by ADP at 2
°C in the Presence of 0.1 M KCl. Results obtained in an
earlier study (12) comparing pre-steady-state phosphoenzyme
formation and accumulation of the strongly immobilized
fraction of IASL in Ca-ATPase at 2°C suggested that the
conversion of E1P to E2P during the initial turnover is very
fast. To determine how rapidly the conversion of E1P to E2P
takes place after phosphorylation under these conditions, we
measured the fraction of ADP-sensitive phosphoenzyme,
E1P, formed at various times after mixing with ATP. The
presence of E1P was evaluated from the initial rapid phase
of dephosphorylation produced by chasing the phosphoen-
zyme with ADP (9, 12). These experiments were performed
at 0.1 M KCl where phosphoenzyme accumulating in the
fast (49 s-1) and slow (20 s-1) phases was present at a ratio
of 5:1.

Figure 1 shows the pattern of phosphoenzyme decomposi-
tion induced by the addition of 1.33 mM ADP after 6 (panel
A), 10 (panel B), and 116 ms (panel C) of phosphorylation
with 100µM ATP. These times were selected to characterize
the relative proportions of E1P and E2P during the pre-steady
state (panels A and B) and steady state of phosphorylation
(panel C). The dephosphorylation pattern in each experiment
was triphasic, consisting of an unresolved rapidly decaying
component, an intermediate (25 s-1) component, and a very
slowly decaying (∼1 s-1) residual phosphoenzyme. Inorganic
phosphate (Pi) production measured in the 116 ms ADP chase
experiment (Figure 1C) was<0.2 nmol of Pi/mg of protein
at zero time (equal to∼6% of the corresponding EP level)
and remained essentially unchanged out to 300 ms where
the phosphoenzyme had almost completely disappeared. The

[EP]t ) A1 exp(-k1t) + A2 exp(-k2t) + A3 (2)

[E1P]0 ) [EPtotal]0 - [E2P]0 - [ESP]0 (3)

E1 + ATP T
1

E1‚ATP T
2

E1P+

ADP T
3

E2PT
4

E2‚Pi T
5

E1 + Pi (4)

d[Aj]/dt ) ∑km[Ak] - ∑kn[Aj] (5)
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unchanging Pi level in Figure 1C indicates that the enzyme-
bound phosphate in both acid-stable intermediates is fully
reconverted to ATP under these conditions. This contrasts
sharply with the behavior seen at 21°C where the higher
temperature increased the zero-time Pi production to 50%
of the corresponding EP level and where the intermediate
component of ADP-induced dephosphorylation (E2P) de-
cayed stoichiometrically to Pi (cf. Figures 4 and 5). By
analogy to the ADP dephosphorylation pattern at 21°C, the
rapid decay phase measured at 2°C corresponds to the
resynthesis of E1‚ATP from E1P while the intermediate
phase results from the decomposition of E2P to E1‚ATP.
The residual phosphoenzyme that follows the intermediate
phase turns over too slowly to be in the main catalytic
pathway (9).

Attempts to resolve a time point on the fast decay phase
have repeatedly failed, even after lowering the ADP con-
centration (9) and reducing the reaction time to<3 ms with
back-to-back ball mixers. An analysis of the rate constants
involved in dephosphorylation of the ADP-sensitive phos-
phoenzyme indicated that the fast decay does not represent
the normal enzymatic activity associated with the reversal
of phosphorylation (see Discussion). Instead, it might result
from the acid-catalyzed transmigration of enzyme-bound
phosphate from E1P‚ADP to ATP immediately following
the acid quench. In that case, the amplitude of the fast decay
is equal to [E1P] present when the ADP chase is added
because the E1P is fully complexed with ADP prior to acid
quenching. Because data points on the fast decay phase could
not be time-resolved, computer fitting of these data to a sum
of exponentials resulted in an underestimation of the rate
constant for dephosphorylation of E1P and an overestimation
of its amplitude. Consequently, an alternative procedure (see
Materials and Methods) was used to evaluate the amplitudes
of the fast and intermediate decay components based on the
assumption that E1P‚ADP disappears completely from the
EP pool after the quench has been added. What remains are
only the ADP-insensitive (E2P) and stable phosphoenzymes,
which are acid-stable in the presence of ADP and exhibit
decay patterns that reflect their prequench turnover kinetics.

An unexpected finding was that the phosphoenzyme
accumulating at very early times (6 and 10 ms, panels A
and B of Figure 1, respectively) consists mainly of ADP-
insensitive E2P (Table 1). According to Scheme 1, the
predominant phosphorylated species in the early pre-steady
state is E1P, which should disappear over time as E2P builds
up. The phosphoenzyme formed after 6 ms of phosphory-
lation continued to rise briefly following ADP addition
(Figure 1A), indicating thatγ-phosphoryl transfer from bound
ATP to the enzyme continues after the ADP has been added.
There was no evidence of a fast decay component in the
dephosphorylation time course following the initial rise in
the EP level. After 10 ms of phosphorylation (Figure 1B),
E1P accounted for only∼3% of the total EP, suggesting
that E1P is almost fully converted to E2P during the first 10
ms after mixing with ATP. When the ADP chase was added
after 116 ms, which corresponds to the steady state of
phosphorylation (12), the amount of E1P had increased to
47% of the total EP (Figure 1C). Thus, between 10 and 116
ms the fraction of E1Prose from a few percent to about
one-half of the total EP. These results are incompatible with
the reaction sequence in Scheme 1, which predicts that the

proportion of the ADP-sensitive phosphoenzyme, [E1P]/
[EPtotal], should decrease with time as the proportion of the
ADP-insensitive phosphoenzyme, [E2P]/[EPtotal], increases.

Additional dephosphorylation experiments were carried out
at 2°C in 100 mM KCl using 1.66 mM ADP+ 5 mM Ca2+

([Ca2+]-jump conditions) to confirm the presence of E2P in
the intermediate decay phase. At 21°C, jumping the [Ca2+]
causes E2P to disappear more rapidly during the ADP chase
by reversal of steps 5 (Ca2+ binding to E2P), 4 (conversion
of E2P(Ca2) to E1P(Ca2)), and 3 (formation of E1P(Ca2)‚ATP
from E1′P(Ca2)‚ADP in Scheme 1 (9). To allow Ca2+ access
to the low-affinity (luminal) transport sites on E2P, the SR
vesicles were pretreated with the Ca2+ ionophore A23187
(see Discussion). As shown in Figure 1C (square symbols),
dephosphorylation by ADP+ Ca2+ produced a triphasic
decay pattern in which the intermediate component disap-
peared more rapidly (2-fold; Table 1) than with ADP added
alone. After an initial decline, the intermediate decay
component rose again slowly (∼11 s-1). This rebound
phenomenon may have resulted from transient dephospho-
rylation of the stable component and its recovery to the
steady-state level measured in the absence of the [Ca2+]
jump. The accelerated decay of the intermediate component
at high [Ca2+] is characteristic of the ADP-insensitive
phosphoenzyme, E2P, which contains low-affinity binding
sites for Ca2+ (9, 54) that are occupied during the [Ca2+]
jump. This is necessary for the reversal of step 4 and the
formation of E1P(Ca2), which rapidly combines with ADP
to form E1‚ATP. No inorganic phosphate (Pi) production
was observed after chasing with ADP (Figure 1C, open
circles) or under [Ca2+]-jump conditions (Figure 1C, open
squares). The absence of Pi release during the intermediate
decay phase at 2°C implies that Ca2+ remains associated
with E2P after the E1Pf E2P transition (possibly in an
occluded form) and is, therefore, able to activate reversal of
this reaction following the addition of ADP. Evidently, the
low-affinity transport sites in the Ca2+-occluded state are

Table 1: ADP-Induced and ADP+ Ca2+-Induced
Dephosphorylation of SR Ca-ATPase at 0.1 M KCl and 2°Ca

dephosphorylation
conditions

phospho-
rylation

time (ms)

[E1P]
(nmol/
mg)

k1

(s-1)

[E2P]
(nmol/
mg)

k2

(s-1)
%

E1P

1.66 mM ADP 6 nd - 0.37 11 0
1.66 mM ADP+

5 mM CaCl2
6 nd - 0.52 21 0

1.66 mM ADP 10 0.02 nr 0.78 10 2.5
1.66 mM ADP+

5 mM CaCl2
10 0.04 nr 0.82 24 4.7

1.66 mM ADP 116 1.44 nr 1.63 25 47
1.66 mM ADP+

5 mM CaCl2
116 1.39 nr 1.63 43 46

a ADP-induced dephosphorylation in Figure 1 was fit using the
triexponential decay function [EP]t ) A1 exp(-k1t) + A2 exp(-k2t) +
A3 exp(-k3t), where A1 and A2 and k1 and k2 are the amplitude
coefficients and decay rate constants of the ADP-sensitive (E1P) and
ADP-insensitive (E2P) phosphoenzymes, respectively, andA3 andk3

correspond to a residual phosphoenzyme species (9). Initial values for
Ai andki were obtained from semilog plots of the EP decay data but
were allowed to vary freely during the fit. For dephosphorylation
following either 10 or 116 ms of phosphorylation, the fast component
(k1) was present but not resolved (nr) (see Results). A fast decay
component was not detected (nd) after 6 ms of phosphorylation. Rate
constants for the dephosphorylation experiments at 6 ms were evaluated
using eq 2 as described in Materials and Methods.
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incompletely saturated or release Ca2+ during the ADP chase
because jumping the [Ca2+] from ∼10 µM to 5 mM
accelerated E2P decay compared to nonjump conditions.

Chasing the phosphoenzyme formed during the pre-steady
state of phosphorylation with 1.66 mM ADP+ 5 mM CaCl2
increased the rate of dephosphorylation of the intermediate
component (Figure 1A-C, filled squares) compared to
chasing with ADP alone (closed circles). The accelerated
phosphoenzyme decay induced by the [Ca2+] jump implies
that the intermediate decay component observed 6-10 ms
after mixing with ATP is ADP-insensitive E2P. The pos-
sibility that it represents an ADP-sensitive species (56) is
excluded on the grounds that the Ca2+ transport sites
activating E1P formation have an affinity in the micromolar
range (64) and do not increase their level of occupation
during the [Ca2+] jump. Taken together, these results imply
that the isomerization of E1P to E2P occurs very rapidly
during the first turnover despite the reduced (2°C) temper-
ature. The rapid accumulation of E2P during the initial stages
of phosphorylation is followed paradoxically by an increase
in the fraction of E1P, which rose to the same level as E2P.
Following the transition Ca2+ associated with E2P remains
occluded, consistent with the absence of a pre-steady-state
burst of internal Ca2+ release in arsenazo III-loaded SR
vesicles at 2°C (65). At 21 °C, the presence of occluded
Ca2+ in the ADP-insensitive phosphoenzyme [E2P(Ca2) in
Scheme 1] was used to explain the delay in pre-steady-state
45Ca2+ sequestration following the rapid accumulation of E2P
(9).

ATP-Dependent Phosphoenzyme Formation at 21°C.
Maximum steady-state phosphorylation levels measured in
native SERCA1 are similar at 2 and 21°C (∼3.5 nmol/mg
at 100µM ATP), but Pi production differs markedly. At 21
°C, increased turnover of the phosphoenzyme leads to an
initial burst of Pi production (10) that is completely absent
at the lower temperature (Figure 1C). The Pi burst is
associated with a transient decrease in the phosphoenzyme
level, resulting in an overshoot. The decay of the overshoot
and Pi burst were both accelerated by raising the ATP
concentration (10). These observations are compatible with
a model in which E2P hydrolysis produces a noncovalent
intermediate, E2‚Pi, that turns over slowly releasing Pi.
Analog computer simulations of EP and Pi formation using
a simple four-state model were shown to reproduce the
general features of the data with the assumption that the
kinetics of E2‚Pi formation and breakdown vary with the
ATP concentration (10). Attempts to achieve a quantitative
fit to the behavior of these reactions were unsuccessful,
particularly at ATP concentrations>5 µM where the steady-
state EP level does not decay due to substrate depletion
(unpublished observations).

To confirm our previous findings and to test the model
by simulation, we conducted single-stage quenched-flow
experiments at 21°C measuring ATP-dependent phospho-
rylation and Pi release in the presence of 10µM (Figure 2A)
and 100 µM ATP (Figure 2B) using a standard buffer
containing 0.1 M KCl. In each case, the EP level increased
rapidly to a maximum, followed by a slower decline to a
steady-state level. The apparent rate of phosphorylation
increased roughly 2-fold between 10 and 100µM ATP, while
the steady-state EP level rose by 14% (3.2-3.7 nmol of EP/
mg of SR protein), reflecting increasing saturation of the

catalytic site by ATP. Phosphate liberation exhibited a brief
lag during the initial formation of phosphoenzyme, followed
by a burst phase and a linear steady state as reported
previously (9-11). Extrapolation of the linear phase of Pi

production tot ) 0 gave Pi burst amplitudes of 1.0 and 1.5
nmol of Pi/mg of protein at 10 and 100µM ATP, equaling
30-40% of the EP levels measured. This is less than half
the value reported originally (10) but is similar to the
amplitudes found in subsequent measurements by us (9).
Extrapolation of linear Pi production to they-axis underes-
timates the steady-state level of catalytic intermediate(s) in
the burst phase because it ignores the initial lag in Pi

production preceding the linear (steady-state) phase of ATP
hydrolysis. When Pi production was simulated using the
model in eq 4 (see Materials and Methods), the concentration
of dephosphorylated enzyme (present as E2‚Pi and/or E2)
in the burst phase increased to almost half (48%) of the
steady-state EP level at 100µM ATP. Using simulation, the
sum of the phosphorylated and dephosphorylated intermedi-

FIGURE 2: Phosphoenzyme (EP) formation and phosphate (Pi)
release at 21°C in the presence of 0.1 M KCl and either 10µM
(panel A) or 100µM [γ-32P]ATP (panel B). SR vesicles (0.25 mg/
mL) were phosphorylated in a solution containing 100 mM KCl, 5
mM MgCl2, 0.45 mM CaCl2, 0.5 mM EGTA (3.5µM ionized
Ca2+), and 20 mM MOPS (pH 7.0). At the indicated times the
reaction was terminated by the addition of 3% perchloric acid+ 2
mM H3PO4. Phosphoenzyme formation (filled circles) and Pi release
(open circles) were measured as described in Materials and
Methods. The time course of EP formation and Pi release was
simulated using the rate constants and kinetic scheme shown in
Table 2. Solid lines were generated using eitherk4/k-4 ) 7 s-1/14
s-1 andk5/k-5 ) 12 s-1/0 (panel A, 10µM ATP) or k4/k-4 ) 20
s-1/40 s-1 andk5/k-5 ) 20 s-1/0 (panel B, 100µM ATP). These
parameters gave the best fit to the time course of phosphoenzyme
formation but underestimated the burst phase of Pi release. Dashed
lines were generated using eitherk4/k-4 ) 7 s-1/0 andk5/k-5 ) 6
s-1/0 (panel A, 10µM ATP) or k4/k-4 ) 20 s-1/9.5 s-1 andk5/k-5
) 9.5 s-1/0 (panel B, 100µM ATP). These parameters reproduced
the time course of Pi liberation but underestimated steady-state
phosphoenzyme formation. Additional details of the simulations
are given in the text.
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ates is 5.5 nmol/mg of protein, which is 20-25% lower than
the density of enzymatic sites found in the SR membrane
(∼7 nmol/mg of protein). This suggests that an additional
unphosphorylated species (E1‚ATP?) is present at significant
levels during steady-state enzymatic cycling.

We previously reported (10) that subsaturating ATP
concentrations (low micromolar range) stimulate dephos-
phorylation as well as the linear phase of ATP hydrolysis
following the burst, reflecting modulation of the rate-limiting
conformational transition, E2f E1. The kinetic data of
Figure 2 were simulated (solid and dashed lines) using a
simplified version of the Albers-Post model in Scheme 1
(see Materials and Methods) and by integrating the dif-
ferential equations for this model using MLAB (see Ap-
pendix). The kinetic model was simplified to five essential
reaction steps by dropping the nucleotide-induced confor-
mational transition (step 2) and Ca2+ deocclusion (step 5)
from Scheme 1; these two steps control the rate of the
subsequent reactions, E1P formation (36) and E2P hydrolysis
(9, 66), respectively. To take account of the rate control
imposed by these reactions without explicitly including them
in the model, E1P formation and E2P hydrolysis were
assigned rate constants corresponding to the conformational
transition (180-200 s-1) and Ca2+ deocclusion (5-20 s-1).
A further simplification involved combining E2‚Pi break-
down and the conformational transition, E2f E1, into a
single step: E2‚Pi f E1 + Pi (step 5). Identical simulation
results were achieved with a model that included E2‚Pi

breakdown and the E2f E1 conformational transition as
separate reactions; this was accomplished by assigning the
individual steps rate constants consistent with the forward
rate for step 5 in the simplified scheme. In that case, the
rate limitation imposed by reactions following E2P hydrolysis
was divided between two reactions equivalent to having only
one slow reaction. Initial values for the forward and reverse
rate constants were selected from the literature (9) or
approximated as zero on the assumption that product
formation is negligible.

The kinetic parameters obtained by simulation of the data
in Figure 2 are summarized in Table 2. The rate constants
corresponding to E2P hydrolysis (step 4) and Pi release (step
5) were selected to simulate the rise of the phosphoenzyme
to its steady-state level while simultaneously matching the
lag and linear phases of the time dependence of Pi liberation.
Between 10 and 100µM ATP, the simulated rate of E2P
hydrolysis increased 3-fold (7-20 s-1) while E2‚Pi turnover
rose 60-70%, consistent with allosteric activation of the rate
of breakdown of these intermediate states by ATP. For both
sets of data, the selection of rate constants that best simulated
the burst and steady-state phase of the Pi liberation (dashed
lines) resulted in a prominent phosphoenzyme overshoot
which underestimated the steady-state EP level and catalytic
site density by approximately 1 nmol/mg of protein. The
inability to fit the steady-state EP data can be traced to the
steady-state velocity of Pi production, which is not fast
enough to regenerate the phosphoenzyme and prevent the
decay of the overshoot. Likewise, selection of rate constants
that reproduced the time course of EP formation (solid lines)
resulted in an underestimation of the Pi burst amplitude by
a similar amount. Because the decay of the phosphoenzyme
overshoot leads to the formation of E2‚Pi, anything which
limits the decay of the overshoot (e.g., increasing the rate

of reversal of E2Pf E2‚Pi) will also reduce the Pi burst
amplitude. Further adjustments in these rate constants and
the introduction of additional intermediate states in the
reaction cycle did not improve the fit, suggesting that a
simple linear consecutive scheme is inadequate for modeling
the quenched-flow data in Figure 2. In addition, the mech-
anism as depicted has ATP entering the cycle at a single
step (binding to E1) and will not accommodate the additional
high-affinity effects of ATP on pre-steady-state phosphoen-
zyme hydrolysis and Pi release observed in these experiments.
Such effects imply the existence of an additional high-affinity
ATP binding site that becomes occupied in a range of ATP
concentrations where phosphorylation is incompletely satu-
rated. These characteristics (9), in addition to the X-ray
diffraction evidence for a single nucleotide binding in the
crystal structure of SERCA1 (5), support a model in which
the high-affinity allosteric ATP binding site corresponds to
the catalytic site on a neighboring subunit (9-11).

Dephosphorylation of the Phosphoenzyme by ADP at 21
°C. Figure 3 shows ADP-induced phosphoenzyme decom-
position at 21°C after 116 ms of phosphorylation in standard
buffer containing 0.1 M KCl and either 10µM ATP (panel
A) or 100 µM ATP (panel B). Dephosphorylation was
initiated by the addition of either 1.66 mM ADP (filled
circles) or 1.66 mM ADP+ 5 mM CaCl2 (filled squares)
and allowed to proceed for 289 (10µM ATP) or 542 ms
(100µM ATP) prior to quenching with acid. Similar to the
behavior at 2°C, the resulting ADP dephosphorylation
pattern was triphasic with fast, intermediate, and slow decay
components. Phosphate production following the addition of
ADP (open circles) was closely correlated with the secondary
phase of phosphoenzyme decay in terms of both its amplitude
and rate. The EP decay components were analyzed as
described above, and the values from the data fits are

Table 2: Kinetic Constants for the Native and C12E8-Solubilized SR
Ca-ATPase at 21°Ca

native membranes

rate constants
forward/reverse

10 µM
ATP

100µM
ATP

C12E8-
solubilized
Ca-ATPase,
10 µM ATP

k1/k-1 1.1× 107/35 1.1× 107/35 1.1× 107/35
k2/k-2 180/0 180/0 180/0
k3/k-3 500/0 500/0 375/10
k4/k-4 (s) 7/14 20/40 28/28
k4/k-4 (---) 7/0 20/9.5 na
k5/k-5 (s) 12/0 20/0 19/0
k5/k-5 (---) 6/0 9.5/0 na
site density (nmol/mg) 4.3 4.3 2.3

a Phosphoenzyme formation (filled circles) and phosphate (Pi) release
(open circles) in Figure 2 (native enzyme) and Figure 5 (C12E8-
solubilized enzyme) were simulated using the rate constants shown in
the table according to the scheme E1+ ATP 〈1〉 E1‚ATP 〈2〉 E1P〈3〉
E2P〈4〉 E2‚Pi 〈5〉 E1 + Pi (see Materials and Methods). The solid line
simulations in Figure 2, which are optimal for EP formation but
underestimate burst phase Pi release, were generated using eitherk4/
k-4 ) 7 s-1/14 s-1 and k5/k-5 ) 12 s-1/0 (panel A, 10µM ATP) or
k4/k-4 ) 20 s-1/40 s-1 andk5/k-5 ) 20 s-1/0 (panel B, 100µM ATP).
The dashed line simulations in Figure 2, which are optimal for Pi release
but underestimate steady-state EP formation, were generated withk4/
k-4 ) 7 s-1/0 andk5/k-5 ) 6 s-1/0 (panel A, 10µM ATP) or k4/k-4 )
20 s-1/9.5 s-1 and k5/k-5 ) 9.5 s-1/0 (panel B, 100µM ATP).
Simulation of EP formation and Pi release in the C12E8-solubilized Ca-
ATPase was accomplished using a single set of rate parameters. The
units ofk1 are in M-1 s-1. All other rate constants are in s-1. na) not
applicable.
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summarized in Table 3. In both experiments, the E1P
intermediate was a smaller fraction of the steady-state
phosphoenzyme (21% E1P at 10µM ATP and 33% E1P at
100 µM ATP) than at 2°C (47%; Table 1). Compared to
our previous measurements (9), the fraction of E1P measured
at 10 µM ATP decreased (from 33% to 21%) while the
amount of Pi release associated with E2P decay increased,
achieving a 1:1 stoichiometric relationship in these experi-
ments. The addition of 5 mM CaCl2 to the dephosphorylation
mixture ([Ca2+]-jump conditions) doubled the decay rate of

the intermediate component at both 10 and 100µM ATP
(Figure 3, Table 3), linking this component with E2P. Further
proof of this was obtained from the corresponding time
course of Pi production (open squares), which increased in
rate but was reduced in amplitude compared to Pi release in
the absence of the [Ca2+] jump.

The absence of a rapid phase of Pi production coinciding
with the fast component of dephosphorylation identifies the
latter as resulting from the transfer of enzyme-bound
phosphate from E1P to ADP to form E1‚ATP. In contrast,
Pi production is quantitatively correlated with the decay of
the intermediate component, implying that this component
corresponds to the hydrolysis of E2P to E2+ Pi. Phosphate
production during the intermediate decay phase is incompat-
ible with the interpretation of Pickart and Jencks (56), who
identified the fast and intermediate phases of EP decay with
the transformation of E1P‚ADP to E1‚ATP and E1‚ATP to
E1+ ATP, respectively. In their quenched-flow experiments,
all of the phosphoenzyme formed from acetyl phosphate was
used to synthesize ATP in the presence of ADP; conse-
quently, there was no need to identify the secondary decay
phase with E2P decomposition. From the relationship of EP
decay and Pi liberation in Figure 3A, the disappearance of
the intermediate component corresponds to the hydrolysis
of E2P to E2 + Pi (or E2‚Pi) (filled circles; nonjump
conditions) or to a combination of E2P hydrolysis and E1‚
ATP formation (filled squares; [Ca2+]-jump conditions).
Thus, jumping the [Ca2+] together with [ADP] opens up a
second pathway for E2P decay, namely, E2Pf E1P+ ADP
f E1P‚ADP f E1‚ATP. This reduces the total amount of
Pi production (as a result of competition between E2P
hydrolysis and E1P formation) and increases the rate of
dephosphorylation (as a result of ATP synthesis from E1P‚
ADP).

To determine how the poise of the E1PT E2P confor-
mational equilibrium changes with the intravesicular Ca2+

level, ADP dephosphorylation experiments were carried out
at 21 °C using tightly sealed SR vesicles passively loaded
with 5 mM Ca2+. SR vesicles were suspended at 0°C for 6
h in a medium containing 50 mM KCl, 3 mM MgCl2, and
40 mM MOPS, pH 6.8, either with or without 5 mM CaCl2.
The free [Ca2+] in the extravesicular medium was adjusted
to ∼100µM at the time of phosphorylation by adding 5 mM
EGTA to the Ca2+-loaded vesicles. Free [Ca2+] in the control
(unloaded) vesicles was adjusted to a similar level by the
addition of 0.1 mM CaCl2 to the enzyme medium prior to
the start of phosphorylation. Figure 4 shows ADP-induced
phosphoenzyme decomposition in unloaded control vesicles
(filled circles) and Ca2+-loaded vesicles (filled squares)
following 116 ms of phosphorylation with 10µM ATP. The
Ca2+-loaded vesicles exhibit fast and intermediate decay
phases similar to those of the unloaded control vesicles. The
contribution of E1P to EPtotal in the Ca2+-loaded vesicles was
53% compared to 31% in the unloaded control vesicles
(Table 4). E2P decay in the Ca2+-loaded sample, 31 s-1, was
increased relative to the decay rate in the control sample,
23 s-1. These features, and the decrease in total Pi release
associated with E2P decay in the Ca2+-loaded vesicles
(Figure 4, open squares), attest to the increased activity of
the reverse conformational transition, E2Pf E1P. High
intravesicular [Ca2+] favors occupation of the low-affinity
transport sites on E2P, preventing E2P hydrolysis following

FIGURE 3: Dephosphorylation by ADP and ADP+ [Ca2+] jump
at 21°C after 116 ms of phosphorylation in the presence of 0.1 M
KCl and either 10µM (panel A) or 100µM [γ-32P]ATP (panel B).
SR vesicles (0.375 mg/mL) were phosphorylated for 116 ms in a
solution containing 100 mM KCl, 5 mM MgCl2, 0.45 mM CaCl2,
0.5 mM EGTA (3.5µM ionized Ca2+), and 20 mM MOPS (pH
7.0). At t ) 0, 1.66 mM ADP (circles) or 1.66 mM ADP+ 5 mM
CaCl2 (squares) was added to initiate dephosphorylation. The
reaction was terminated at the indicated times by addition of 3%
perchloric acid+ 2 mM H3PO4. Phosphoenzyme decay (closed
symbols) and phosphate (Pi) release (open symbols) were measured
as described in Materials and Methods. The lines represent the best
fits to the data using the parameters listed in Table 3.

Table 3: ADP-Induced and ADP+ Ca2+-Induced
Dephosphorylation of SR Ca-ATPase at 0.1 M KCl and 21°Ca

dephosphorylation
conditions

[E1P]
(nmol/
mg)

k1

(s-1)

[E2P]
(nmol/
mg)

k2

(s-1)

∆[Pi]
(nmol/
mg)

10 µM ATP
1.66 mM ADP 0.53 nr 2.00 16 2.05
1.66 mM ADP+

5 mM CaCl2
0.40 nr 2.15 35 0.48

100µM ATP
1.66 mM ADP 1.00 nr 2.00 14 2.91
1.66 mM ADP+

5 mM CaCl2
1.00 nr 2.50 24 0.75

a The kinetic model, initial parameter values, and constraints used
in fitting ADP-induced dephosphorylation in Figure 3 are given in the
legend to Table 1. The fast component rate constant (k1) was not time-
resolved (nr).
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Ca2+ release. Inhibition of E2P hydrolysis by the internal
Ca2+ load during cycling is evident from the reduced Pi

production at the time of addition of ADP (t ) 0; Figure 4),
which was only 32% of the value found in unloaded vesicles.
The results in Figure 4 suggest that the E1PT E2P poise is
not highly sensitive to intravesicular [Ca2+] and that a
significant fraction of the Pi released during cycling derives
from the hydrolysis of E2P, despite the high internal Ca2+

load tending to stabilize this intermediate. This differs from
the interpretation of Yu and Inesi (67) and De Meis (68),
who associate Pi production in Ca2+-loaded SR vesicles with
hydrolysis of the ADP-sensitive phosphoenzyme, E1P.

At 21 °C, unloaded SR membrane vesicles rapidly
accumulate E2P in the pre-steady state of phosphorylation,
reaching 85% of the final steady-state level 6 ms after the
addition of ATP (9). Computer simulations revealed that the
E1Pf E2P transition rate in the pre-steady state has to be
at least 500 s-1 to produce this behavior. We tested how
rapidly E2P accumulates in the presence of a 5 mM
intravesicular Ca2+ load by chasing the phosphoenzyme
formed from 10µM ATP with 1.66 mM ADP 6 ms after
the start of phosphorylation. As seen in the inset to Figure
4, two components dominate the EP decay curve with a
distribution of 51% fast (E1P decay) and 49% slow (E2P

decay). The proportions of these decay components are very
similar to those observed at 116 ms, indicating that as soon
as the enzyme is phosphorylated, it very rapidly isomerizes,
producing equal fractions of E1P and E2P. This behavior
cannot be explained by the presence of a rapid equilibrium
between E1P and E2P because that would result in a single
rapid phase of EP decay when ADP is added to dephospho-
rylate the enzyme. The presence of the slow phase of ADP-
induced EP decay following the rapid phase in Figure 4
(inset) rules out a rapid equilibrium between E1P and E2P
and suggests that something else serves to stabilize E1P
following its initial rapid transformation to E2P.

Effect of C12E8 on the Ca-ATPase Partial Reactions at 21
°C. Solubilization of the native skeletal SR Ca-ATPase with
the nonionic detergent, C12E8, produces a monomeric enzyme
with the retention of Ca2+-dependent enzymatic activity (50).
Andersen et al. (52) reported that the enzymatic properties
of the Ca-ATPase, including the ability to undergo the E1P
f E2P conformational transition and discharge Ca2+ from
low-affinity sites on E2P, are preserved in the presence of
monomer-forming concentrations of C12E8. Using quenched-
flow mixing, we tested whether conversion of the Ca-ATPase
to a monomeric state by C12E8 alters its kinetic properties
compared to the behavior in native SR. Native skeletal SR
Ca-ATPase was solubilized with C12E8 at a 10:1 ratio of
detergent to SR protein to generate active ATPase monomers
(52). After removal of the insoluble residue, EP formation
and Pi release from ATP were measured in a quenched-flow
apparatus under conditions similar to those used in experi-
ments with native SR membranes (see Materials and
Methods). As seen in Figure 5, phosphorylation of the soluble
enzyme with 10µM ATP followed an exponential time
course in the pre-steady state, reaching a maximum value
within 40-50 ms. Inorganic phosphate production increased

FIGURE 4: Dephosphorylation of Ca2+-loaded SR vesicles by ADP
at 21°C after 116 ms (main panel) or 6 ms (inset) of phosphory-
lation in the presence of 0.1 M KCl. SR vesicles (0.375 mg/mL)
preloaded with 5 mM CaCl2 (squares) or control unloaded vesicles
(circles) were phosphorylated for 116 ms by 10µM [γ-32P]ATP
(as in Figure 3), after which 1.66 mM ADP (final concentration)
was added, and the reaction was terminated at the indicated times
by 3% perchloric acid+ 2 mM H3PO4. Phosphoenzyme decay
(filled symbols) and phosphate (Pi) release (open symbols) were
measured as described in Materials and Methods. The lines represent
the best fits to the data using the parameters listed in Table 4.
Additional details for the experiment are provided in Materials and
Methods.

Table 4: Effect of Intravesicular Ca2+ Loading on ADP-Induced
Dephosphorylation at 0.1 M KCl and 21°Ca

dephosphorylation
conditions

[E1P]
(nmol/
mg)

k1

(s-1)

[E2P]
(nmol/
mg)

k2

(s-1)

∆[Pi]
(nmol/
mg)

unloaded vesicles 0.56 nr 1.23 23 1.2
Ca2+-loaded vesicles 0.93 nr 0.84 31 0.38

a The conditions for passive loading SR Ca-ATPase vesicles with 5
mM CaCl2 and for measuring ADP-induced EP decay in Figure 4 are
described in Materials and Methods. The kinetic model, initial parameter
values, and constraints used in fitting ADP-induced dephosphorylation
in Figure 4 are given in the legend to Table 1. The fast component
rate constant (k1) was not time-resolved (nr).

FIGURE 5: Phosphoenzyme (EP) formation and phosphate (Pi)
release by the C12E8-solubilized Ca-ATPase at 21°C in the presence
of 0.1 M KCl and 10µM [γ-32P]ATP. The Ca-ATPase in SR
vesicles was solubilized with C12E8 as described in Materials and
Methods. The C12E8-Ca-ATPase (0.5 mg/mL) was phosphorylated
in a solution containing 100 mM KCl, 3 mM MgCl2, 1.5 mM CaCl2,
1 mM EGTA, 20 mM TES (pH 7.0), 50µM mercaptoethanol, and
5 mg/mL C12E8. At the indicated times the reaction was terminated
by the addition of 3% perchloric acid+ 2 mM H3PO4. Phospho-
enzyme formation (filled circles) and Pi release (open circles) were
measured as described in Materials and Methods. The time course
of EP formation and Pi release (solid lines) was simulated using
the rate constants and kinetic scheme shown in Table 2. The dashed
line shows the time course of E2P formation, calculated from the
ADP dephosphorylation data for the C12E8-solubilized Ca-ATPase
shown in Figure 6 and described in the text. Additional details for
the simulations are provided in the text.
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rapidly during the initial 60-75 ms of the reaction and then
slowed down as ATP hydrolysis enters the steady state. These
characteristics qualitatively resemble the behavior seen in
native SR membranes (Figure 2A) but differ quantitatively
in showing faster initial (burst phase) and final (steady-state)
rates of Pi production. In contrast to the native Ca-ATPase,
simulation of phosphorylation and Pi production using a
simplified linear consecutive reaction mechanism gave a
reasonably good fit to the transient and steady-state experi-
mental data (Figure 5). This is attributed to faster rates of
E2P hydrolysis (28 vs 7 s-1) and enzyme recycling, E2f
E1 (19 vs 12 s-1), allowing rephosphorylation of the C12E8-
solubilized Ca-ATPase to proceed more rapidly than in the
native, membranous enzyme (Table 2). The transient decline
in the EP level following the overshoot is also prevented by
rapidly reversible E2P hydrolysis (k4/k-4 ) 1). This revers-
ibility is also manifested in the biphasic pattern of ADP-
induced E2P decay in the steady state of phosphorylation
(see below), a feature not found in the native membranous
enzyme (Figures 3 and 4). In contrast to the kinetics of Pi

liberation, ATP binding and phosphorylation (E1P formation)
have rates that are indistinguishable from those in the native
Ca-ATPase (Table 2). The maximum level of phosphoryla-
tion in the soluble Ca-ATPase was roughly half that found
in the native preparation, despite its prolonged stability at
room temperature and the absence of formation of insoluble
aggregates. The reduced activity may have resulted from an
initial loss of enzyme activity during solubilization with the
detergent or from sequestration of the enzyme in detergent
micelles. The absence of significant changes in the kinetics
of ATP binding and phosphorylation in the soluble enzyme
suggests that it retains functional capabilities similar to those
of the membranous enzyme. These properties are similar to
those reported by Kosk-Kosicka et al. (51), who found lower
levels of phosphorylation at less than saturating [ATP] in
the C12E8-solubilized SR Ca-ATPase than in the membranous
enzyme under similar conditions.

ADP chase experiments were carried out under pre-steady-
state and steady-state conditions to determine how rapidly
E1P is converted to E2P in the C12E8-solubilized Ca-ATPase
at 21°C. Figure 6A shows a two-stage mixing experiment
in which the ADP chase (1.66 mM, final concentration) was
added 6 ms after the start of phosphorylation by 10µM ATP.
As in the native enzyme, the time course of EP decomposi-
tion was triphasic with fast (unresolved), intermediate (35
s-1), and slow decay (1.3 s-1) components. The concentra-
tions of the fast and intermediate decay components were
identical at 0.21 nmol/mg of protein, representing 87% of
EPtotal. Adding 5 mM Ca2+ to the ADP chase at 6 ms
increased the rate of dephosphorylation of the intermediate
decay component (35 to 85 s-1) without affecting the
proportions of the fast and intermediate decay components
(Figure 6A, Table 5). The absence of data points in the fast
decay component and [Ca2+]-jump sensitivity of the inter-
mediate component distinguish these as E1P and E2P,
respectively. When ADP was added after 116 ms of
phosphorylation (steady state, Figure 5B), E1P was reduced
to ∼6% of the phosphoenzyme in the main catalytic pathway,
down from 50% at 6 ms, while E2P rose from 50% to 94%
(Table 5). Thus, the principal phosphorylated intermediates
of the reaction cycle, E1P and E2P, behave like consecutive
intermediates in the C12E8-solubilized Ca-ATPase. Phospho-

enzyme decay at 116 ms was stoichiometric with Pi release
(Figure 6B), consistent with accumulation of the steady-state
phosphoenzyme in E2P. In contrast to the native enzyme,
ADP-induced E2P decomposition was biphasic with roughly
equal amounts of phosphoenzyme in the fast (50 s-1; 0.43
nmol/mg) and slow decay phases (13 s-1; 0.33 nmol/mg)
(Table 5). This decay pattern is consistent with a two-step

FIGURE 6: Phosphoenzyme decomposition of C12E8-solubilized Ca-
ATPase in the presence of 0.1 M KCl at 21°C following the
addition of ADP or ADP+ Ca2+ ([Ca2+] jump) to SR vesicles
phosphorylated for 6 ms (panel A) or 116 ms (panel B). The Ca-
ATPase in SR vesicles was solubilized with C12E8 as described in
Materials and Methods and phosphorylated with 10µM [γ-32P]-
ATP as described in the legend of Figure 5. After 6 or 116 ms of
phosphoenzyme formation, either (filled circles) 1.66 mM ADP or
(filled squares) 1.66 mM ADP+ 5 mM CaCl2 (final concentrations)
was added, and the reaction was terminated at the indicated times
by the addition of 3% perchloric acid+ 2 mM H3PO4. In the
dephosphorylation experiment using C12E8-solubilized Ca-ATPase
phosphorylated for 116 ms (panel B), inorganic phosphate (Pi)
liberation (open circles) following the addition of 1.66 mM ADP
was also measured. The lines represent the best fits of the data
using the parameters listed in Table 5.

Table 5: Effect of C12E8 Solubilization on ADP-Induced
Dephosphorylation at 0.1 M KCl and 21°Ca

dephosphorylation
conditions

[E1P]
(nmol/
mg)

k1

(s-1)

[E2P]
(nmol/
mg)

k2

(s-1)

[E2P]
(nmol/
mg)

k3

(s-1)

∆[Pi]
(nmol/
mg)

6 ms
1.66 mM ADP 0.21 nr 0.21 35 0 0 nd
1.66 mM ADP+

5 mM CaCl2
0.21 nr 0.21 88 0 0 nd

116 ms
1.66 mM ADP 0.05 nr 0.43 50 0.33 13 1.25

a The conditions for C12E8 solubilization of the Ca-ATPase and for
measuring ADP-induced EP decay in Figure 6 are described in Materials
and Methods. The kinetic model, initial parameter values, and
constraints used in fitting ADP-induced dephosphorylation in Figure 6
are given in the legend to Table 2 and described in the text. The fast
component rate constant (k1) was not time-resolved (nr). Inorganic
phosphate production during ADP dephosphorylation was not deter-
mined (nd) for the 6 ms experiment.
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reaction mechanism involving a rapidly reversible hydrolytic
reaction, E2PT E2‚Pi, followed by slow Pi release from
E2‚Pi. These conditions satisfy the requirements for simula-
tion of Pi production in the single-mix quenched-flow
experiment in Figure 5, in which rapidly reversible E2P
hydrolysis (k4 ) k-4 ) 28 s-1) precedes slow (19 s-1) Pi

release from E2‚Pi. The absence of biphasic E2P decay
kinetics in the native membranous enzyme implies that the
E2P hydrolysis in that system is not highly reversible.
Consequently, the high steady-state phosphorylation activity
and absence of a prominent overshoot likely involves some
other feature of the catalytic mechanism in the native enzyme
as suggested by the simulations in Figure 2.

From the proportions of E2P present in the soluble enzyme
after 6 (50%) and 116 ms (96%) of phosphorylation by ATP,
we were able to reproduce the time course of E2P formation
shown in Figure 5 (dashed line simulation) using the
conventional linear consecutive (monomeric) reaction scheme.
The rate constant for the E1Pf E2P transition obtained from
this simulation was 375 s-1, less than the rate constant for
the conformational transition in native permeabilized SR
vesicles (>500 s-1; ref 9) and much less than the transition
rate in Ca2+-loaded vesicles. In the latter system, a constant
ratio of phosphorylated intermediates is established within
the first 6 ms as evidenced by the lack of a significant change
in the fraction of E2P between 6 (49%) and 116 ms (47%)
(Table 5). We conclude that the smaller transition rate
constant in the soluble monomeric enzyme reflects the loss
of oligomeric structure essential for mediation of the allos-
teric effects of ATP and free energy exchange between the
subunits.

DISCUSSION

In the present study, quenched-flow mixing was used to
characterize the kinetic and thermodynamic behavior of the
phosphorylated intermediates in the catalytic cycle of the
sarcoplasmic reticulum (SR) Ca-ATPase (SERCA1). Experi-
ments were carried out at 2°C to match the conditions of
an earlier study (12) in which transient EPR signals from
iodoacetamide spin-labeled (IASL) Ca-ATPase were mea-
sured following a laser flash-induced [ATP] jump and
correlated with measurements of EP formation and Pi release.
An advantage of working at the reduced temperature is that
it provides information on the initial formation of phospho-
rylated intermediates, which was not well-resolved in our
previous experiments at 21°C (9). A separate series of
quenched-flow measurements was carried out at 21°C for
comparison with the results obtained at 2°C. Both sets of
measurements exclude a simple linear consecutive model as
a plausible explanation for the catalytic properties of the
skeletal Ca-ATPase in native SR membranes. In contrast,
this model will accommodate the kinetic features of the
C12E8-solubilized SR Ca-ATPase, which is monomeric under
our experimental conditions.

We previously reported (12) that the time course of
phosphorylation at 2°C is biphasic, in agreement with the
earlier studies of Ikemoto et al. (13, 15). In contrast, the
corresponding transient EPR spectrum of iodoacetamide spin-
labeled CaATPase (44), resulting from the accumulation of
a restricted mobility component, was monophasic after a brief
lag phase and correlated with the slow phase of phospho-
rylation over a wide range of salt concentrations (0-0.6 M

KCl). ADP chase experiments conducted at 2°C (present
study) showed that the amount of E1P produced during the
fast phase of phosphorylation is a small fraction (2%) of the
total EP (Table 1), implying that E1P turns over rapidly
(>500 s-1), even at reduced temperatures. This might explain
the absence of the fast EPR transient during the initial stages
of phosphorylation because the signal-producing E1P inter-
mediate (12, 48) is very unstable. The more slowly decaying
component following the ADP-sensitive phase was [Ca2+]-
jump sensitive; i.e., it disappeared more rapidly in response
to mixing with 1.66 mM ADP and 5 mM CaCl2 than with
ADP alone (Figure 1, Table 1). The [Ca2+]-jump sensitivity
of the slow decay component distinguishes it as being ADP-
insensitive E2P, which contains low-affinity transport (re-
lease) sites for Ca2+. At longer phosphorylation times, the
fraction of E1Pincreased, eventually equaling one-half of
the total acid-stable intermediate pool (Table 1). This
behavior is reversed from the sequence of events in Scheme
1, which predicts that the proportion of E1P should be
maximal during the initial stages of phosphorylation and
shoulddecreaseas it becomes converted to E2P at longer
reaction times.

The absence of significant levels of E1P (fast phase of
ADP-induced dephosphorylation) at 6 and 10 ms in Figure
1 could result from a slow rate of ADP dissociation from
E1P‚ADP, rendering the latter insensitive to added ADP in
the chase. To resolve this question, we need to consider two
interpretations of the mechanism of dephosphorylation of
E1P by ADP. In the first of these we shall assume that the
fast phase of dephosphorylation of the Ca-ATPase is an
aspect of its normal catalytic behavior. In that situation the
rapid disappearance of E1P induced by ADP reflects the
presence of a very rapid rate of reversal of phosphorylation,
which was not resolved in these experiments. If E1P decay
is virtually (99%) complete by the first data point following
the addition of ADP (4 ms), then the rate of formation of
E1‚ATP from E1P‚ADP, τ, must be at least 1200 s-1, where
τ equals the sum of the forward and reverse constants for
phosphorylation,kf + kr. kf is unknown because the rate of
phosphorylation at 2°C, 70-80 s-1, is rate-limited by the
conformational transition preceding phosphorylation (step 2,
Scheme 1). We argue below that the EP species remaining
after the fast decay at 116 ms (Figure 1C) is E2P on the
basis of its [Ca2+]-jump sensitivity. If E1P disappears
stoichiometrically following the ADP chase, i.e., if all that
remains is E2P, then the reverse rate constant for phospho-
rylation must be similar toτ (kr ∼ 1000 s-1). Because reversal
of phosphorylation competes with ADP dissociation from
E1P‚ADP, ADP dissociation must be faster than the esti-
mated rate of reversal (>1000 s-1) to account for the high
levels of phosphorylation measured in these experiments
(∼50% of total site density). Such a high rate of ADP
dissociation would lead to the rapid formation of E1P from
E1P‚ADP, rendering this phosphoenzyme immediately sensi-
tive to ADP in the chase. Even if E1P‚ADP exists in a quasi-
equilibrium with E1‚ATP following the ADP chase as
proposed by Pickart and Jencks (55), kr must be∼600 s-1

to account for the 50% of EP remaining after the rapid phase
of dephosphorylation. Consequently, the inability to detect
E1P at 10 ms cannot result from the slow dissociation of
ADP from E1P‚ADP if ADP-induced dephosphorylation of
E1P occurs with a rate constantg1200 s-1.
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Another possibility is that rapid dephosphorylation induced
by ADP is not a normal feature of catalysis but results instead
from a chemical transformation in the protein occurring after
acid denaturation. This might involve the migration of
covalently bound phosphate from Asp-351 to bound ADP
during acid denaturation of the pump protein following the
addition of the quench:

This would take place immediately after the acid quench is
added and before denaturation of the pump protein releases
ADP from its binding site on the N domain. We assume
that this reaction is stoichiometric and irreversible, so that
none of the E1P‚ADP formed as a consequence of phos-
phorylation (E1‚ATP f E1P‚ADP) or ADP binding to the
phosphoenzyme (E1P+ ADP f E1P‚ADP) prior to the
quench escapes detection after being mixed with ADP. The
saturating concentration of ADP used in the chase solution
ensures that the formation of E1P‚ADP is quantitative with
the level of E1P that accumulates before acid quenching.
Moreover, because this transformation occurs after quenching
of the catalytic reaction, there is no record of its time
dependence in the ADP-induced decay curve (Figure 1).
Thus, dephosphorylation of E1P in the ADP chase experi-
ment appears to be instantaneous but may actually require
several milliseconds to reach completion after quenching with
acid. We conclude thatif the unresolved decay of ADP-
sensitive E1P is caused by the acid-induced transmigration
of phosphate from the catalytic site to bound ADP, then the
failure to detect significant formation of E1P during the initial
stages of phosphorylation must result from its very rapid
(enzyme-catalyzed) conversion to E2P.

It is noteworthy that the phosphorylated Na,K-ATPase
from eel electric organ shows similar behavior in response
to chasing with ADP (14) but that ADP-induced dephos-
phorylation of the chymotrypsin-digested pig kidney Na,K-
ATPase can be resolved with a rate constant of∼200 s-1

(69). Partial chymotryptic digestion, which blocks the
conversion of E1P to E2P in Na,K-ATPase (70) and in
skeletal SR Ca-ATPase (71), may alter the intramolecular
interactions involving the N, P, and A domains in the pump
protein after ADP binding. Nucleotide-induced movement
of the N domain toward the P domain occurs prior to catalytic
site phosphorylation in SERCA1 (8), and modulation of that
movement by the A domain might have a role in transferring
phosphate from the catalytic site (P domain) to bound ADP
(N domain) after quenching.

The arguments for the rapid conversion of E1P to E2P at
2 °C rest on the assumption that the decay phase immediately
following the disappearance of E1P represents decomposition
of the ADP-insensitive phosphoenzyme, E2P. At 21°C, this
interpretation is supported by the fact that Pi production in
unloaded vesicles shows a similar rate and stoichiometry to
EP turnover in the intermediate phase (Figure 3). In addition,
turnover of the intermediate decay component is accelerated
by jumping the Ca2+ concentration in conjunction with ADP,
reflecting reversal of the conformational transition and the
resynthesis of ATP following Ca2+ binding to the low-affinity
sites on E2P. At 2°C, Pi production was negligible after
chasing with ADP (Figure 1C), and we had to rely on the
[Ca2+]-jump sensitivity of the intermediate decay to posi-

tively correlate it with E2P breakdown. Although we assume
that sensitivity to the [Ca2+] jump arises from occupation of
the low-affinity transport sites on E2P, access to those sites
might not be restricted to the luminal membrane surface as
suggested by our earlier measurements in the absence of
ionophore (9). Those experiments demonstrated that Ca2+

binds from the extravesicular surface of the membrane,
implying that the transport sites become available as a
consequence of spontaneous reorientation or by a confor-
mational change induced by the interaction of E2P with ADP.
In support of the latter explanation, additional measurements
conducted with Ca2+-loaded vesicles in the absence of ADP
showed that turnover was inhibited from the luminal surface
(9), in agreement with the diminished zero-time Pi production
in Figure 4 (this study). Pi production in Ca2+-loaded vesicles
following the ADP chase is not stoichiometeric with the
intermediate phase of EP decay in Figure 4, suggesting that
Ca2+ inside the vesicle stimulates ATP resynthesis by binding
to E2P and activating reversal of the conformational transi-
tion. We conclude that the [Ca2+]-jump sensitivity of the
intermediate decay phase is caused by occupation of the low-
affinity transport sites on E2P, albeit this can occur from
both the extravesicular and luminal directions. Reorientation
of these sites (from the luminal to the extravesicular surface)
results from a conformational change in E2P induced by ADP
binding. Exposure of these sites to opposite sides of the
membrane must take place sequentially (rather than simul-
taneously); otherwise, depletion of the transport gradient
would occur, preventing ATP synthesis coupled to pump
reversal (72). The alternative to this explanation assumes that
another species is responsible for the intermediate decay at
2 °C and that the similarity of this behavior to the pattern of
ADP-induced decay at 21°C is coincidental. The possibility
that the intermediate phase reflects ATP dissociation from
E1‚ATP as suggested by Pickart and Jencks (56) seems
unlikely because E1‚ATP contains high-affinity binding sites
that are already occupied by Ca2+, preventing a further
increase in saturation by jumping the [Ca2+].

The rapid appearance of E2P and delayed accumulation
of E1P demonstrated in these ADP chase experiments (Figure
1) are difficult to reconcile with the linear consecutive
mechanism (Scheme 1) used to interpret the SR Ca-ATPase.
In this scheme, adapted from the Albers-Post model of the
Na,K-ATPase, E1P and E2P are consecutive intermediates,
requiring that E1P accumulate initially and then decline as
E2P increases. The reverse pattern (i.e., rapid accumulation
of E2P followed by a slow buildup of E1P) observed in these
experiments could arise from an isomerization reaction that
strongly favors E2P and is driven back toward E1P as
sequestered Ca2+ rebinds to the low-affinity transport sites
on E2P. This possibility was excluded in the present study
by employing conditions that prevented significant intrave-
sicular Ca2+ accumulation, namely, short reaction times, low
temperatures, and permeabilization of the vesicles with the
Ca2+ ionophore A23187. We conclude that the unusual
pattern of accumulation of the ADP-sensitive and ADP-
insensitive intermediates at 2°C cannot be attributed to a
time-dependent shift in the E1PT E2P equilibrium toward
E1P and that some other mechanism is responsible for this
behavior.

The failure of linear consecutive schemes to explain
qualitative features of the kinetic behavior of the skeletal

E1P(Ca2)‚ADP98
H+

E1(Ca2)‚ATP
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SR Ca-ATPase at 2 and 21°C justifies consideration of
alternative mechanisms involving parallel pathways of phos-
phorylation. In these models, the pathways may operate
independently, as in isozymes or posttranslationally modified
enzymes, or they may communicate via conformational
coupling, which is characteristic of oligomers (9, 14).
Oligomeric coupling can lead to staggering of the catalytic
reactions such that the subunits in the oligomer are one
reaction step out of phase with each other during cycling
(9, 13, 15). In our experiments at 2°C we observed that
E1P accumulation is delayed with respect to E2P formation
and that the steady-state ratio of phosphorylated intermedi-
ates, [E1P]/[E2P], is close to 1. This behavior suggests a
Ca-ATPase dimer in which intersubunit conformational
interactions allow one subunit to form E1P ahead of its
neighbor; this intermediate is rapidly (>500 s-1) converted
to E2P, the predominant acid-stable intermediate during the
initial stages of phosphorylation (Figure 1A,B). The second
subunit, which is delayed relative to the first by conforma-
tional coupling, forms E1P which interacts with E2P on the
first subunit, producing the stable asymmetric intermediate,
E1P/E2P. The mechanism shown in Scheme 2 incorporates
these events. In this scheme the starred states [E2/E1*(Ca2)‚
MgATP, E2/E1*P(Ca2)] refer to intermediates with a re-
stricted mobility EPR signal (12). For this discussion, the
first subunit phosphorylated (right-hand subunit) is defined
as the leading subunit and its neighbor (left-hand subunit)
the delayed subunit. Only half of the subunits bind Ca2+ at
the start of the cycle because the delayed subunit is initially
present in the low-affinity, E2 conformational state. This
model of Ca2+ binding is based on a maximum equilibrium
binding capacity of 8 nmol of Ca2+/mg of SR protein (64),
the presence of two Ca2+ binding sites per polypeptide chain
in the crystal structure of SERCA1 (4), and a maximum
enzyme site density of 7 nmol/mg of SR protein in isolated
SR vesicles (10, 12). A strong conformational interaction
between the asymmetric subunits in E2/E1(Ca2) prevents E2
from becoming E1(Ca2) by a mass action effect of high-
affinity Ca2+ binding. The remaining half of subunits are
not available to bind Ca2+ until a transformation in the
leading subunit signals their appearance. MgATP binding
to the leading subunit (step 1) generates the fast (70-80 s-1

at 2 °C) phase of phosphorylation, which is rate-controlled
by step 2 involving isomerization of the Michaelis complex.
To maintain the asymmetrical E1/E2 coupling relationship
in the dimer, the E1Pf E2P transition following phospho-
rylation of the leading subunit is coupled to the E2f E1
transition in the delayed subunit. This arrangement allows
MgATP binding to the unoccupied nucleotide site on the
delayed subunit to accelerate the E1Pf E2P transition by
driving the E2f E1 transition toward the high-affinity E1

conformation. This explains the rapid (>500 s-1) accumula-
tion of E2P in the pre steady state at 2°C (Figure 1) and the
slower transition rate constant in the monomeric, C12E8-
solubilized Ca-ATPase which is uncoupled from its neighbors
(see below). For simplicity, MgATP and Ca2+ binding to
the delayed subunit is represented by a single reaction (step
4), whereas the availability of new high-affinity Ca2+ binding
sites requires that MgATP bind first and activate the E2f
E1 transition. Ca2+ sequestration by the delayed subunit
following this transition depends on the kinetics of phos-
phorylation in step 6, which is rate-limited by the slow (3-4
s-1) isomerization reaction (step 5) preceding it. The
predicted effect on Ca2+ accumulation in the delayed subunit
is consistent with the results of rapid mixing EGTA quench
experiments (15) in which ATP-dependent45Ca2+ accumula-
tion exhibited rapid and slow exponential phases in the pre-
steady state at 2-4 °C. The positive correlation between the
slow phases of phosphorylation and Ca2+ sequestration is
strengthened by the fact that they show a similar reduction
in rate as the [KCl] is raised (12, 13).

Compared to the leading subunit, the E1Pf E2P
conformational transition in the delayed subunit is signifi-
cantly slower as a consequence of the formation of the
asymmetric dimer, E1*P(Ca2)/E2P(Ca2). The presence of this
species is attributed to out-of-phase coupling of the catalytic
reactions in the interacting subunits and is consistent with
the equimolar steady-state concentrations of E1P and E2P
at 2°C (Figure 1C). Loss of quaternary protein interactions
destabilizes this intermediate, resulting in the rapid turnover
(375 s-1) and low steady-state level of E1P measured in the
C12E8-solubilized Ca-ATPase (Figure 6B). The highly stable
nature of the E1P(Ca2)/E2P(Ca2) intermediate in the native
enzyme arises from coupling the fast conformational transi-
tion to slow E2P hydrolysis (0.22 s-1 at 2°C; ref12), which
controls the rate of turnover of this intermediate. Before
hydrolysis can take place, Ca2+ is released from the leading
subunit by slow deocclusion from E2P(Ca2). The association
of occluded Ca2+ with E2P is inferred from the discrepancy
between the slow kinetics of Ca2+ release into arsenazo-
loaded SR vesicles at 2°C (65) and the very rapid formation
of E2P as measured in these experiments (Figure 1A,B).
These steps are depicted in the following sequence represent-
ing a continuation of Scheme 2:

The product of the final step is identical to the product of
step 3 following a symmetry operation that exchanges the
positions of the subunits in the oligomer. Because the
corresponding states on the adjacent subunits are structurally
identical, the cycle repeats itself following Pi release from
the leading subunit as the product of step 8 reenters the cycle
as the precusor to step 4. Excluding Ca2+ binding, which
occurs in the preincubation, there are three reactions that
define the pre-steady-state phase of the cycle (steps 1-3)
and four reactions (five if MgATP and Ca2+ at step 4 are
treated as separate reactions) that make up the steady-state
phase of this cycle.

Investigations correlating EPR spectral data from the
iodoacetamide spin-labeled Ca-ATPase with intermediates

Scheme 2
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in the reaction cycle (12, 48) have associated the restricted
mobility EPR signal with the starred (*) states in Scheme 2.
Phosphoenzyme isomerization coincides with a loss of this
restricted component (E2P states do not produce this signal;
ref 48). Consequently, the starred states in the leading subunit
will produce low-amplitude EPR signals if their turnover
rates substantially exceed their rates of formation. Because
phosphorylation of the fast phase has a rate of 70 s-1,
turnover of E1P on the leading subunit must be 5-10 times
faster to escape early detection. The pre-steady-state ADP
chase data fulfill this condition in showing little or no E1P
accumulation (<5% of EPtotal) during the initial stages of
phosphorylation (6 and 10 ms; Figure 1A,B). Slow ac-
cumulation of E1P on the lagging subunit, stabilized by its
interaction with E2P on the leading subunit, is expected to
produce an EPR signal with similar kinetics. The kinetics
of the slow EPR transient vary as a function of the [KCl],
suggesting that step 5 in Scheme 2, which controls phos-
phorylation of the lagging subunit, is a K+-sensitive reaction.
Additional quenched-flow studies at elevated K+ levels may
shed further light on this mechanism.

There are quantitative features of the experimental results
that argue against the Ca-ATPase dimer model as presented
in Scheme 2. First, the dimer requires equimolar amounts
of the fast and slow phases of phosphorylation to be present
to account for labeling of the leading and delayed subunits.
At 2 °C, this situation is realized in the presence of 0.4 M
KCl (12, 15), but not at 0.1 M KCl, where the ratio is 5
fast:1 slow (12). Second, at 2°C, the phosphorylated enzyme
(3.7 nmol/mg of protein) represents only half of the total
enzyme site density in the SR membranes (6-7 nmol/mg;
ref 12). This suggests that the oligomer is larger than a dimer,
possibly a trimer or a tetramer. The remaining unphospho-
rylated sites may be in the E2 conformation, or they may be
present as a Michaelis complex, E1‚ATP, and/or E2‚ATP
(at high ATP concentrations). Additional support for some-
thing larger than a dimer derives from our unsuccessful
attempts to simulate the quantitative behavior of the pre-
steady-state Pi burst and EP formation following the over-
shoot at 21°C (Figure 2). This problem does not arise in
the C12E8-solubilized enzyme (Figure 5) because rapid
recycling (E2f E1) allows the enzyme to rapidly rephos-
phorylate and avoid becoming trapped in E2. The constraint
imposed by slow recycling of the native enzyme can be
circumvented by allowing rephosphorylation to immediately
follow dephosphorylation prior to completion of the reaction
cycle. This will regenerate the acid-stable phosphoenzyme
as it dephosphorylates to Pi, preventing the overshoot from
decaying. This cannot occur in a linear reaction scheme
because rephosphorylation (E1‚ATP f E1P + ADP) is
separated from dephosphorylation (E2Pf E2 + Pi) by at
least one additional step (E2f E1); however, it can take
place in an oligomer where E1P formation on one subunit
is directly coupled to E2P hydrolysis on another. To maintain
this coupling relationship and similar proportions of E1P and
E2P in the steady state, the oligomer should have at least
three subunits corresponding to the intermediate states E1P,
E2P, and E2. A fourth subunit, representing the E1 state,
would enable high-affinity ATP binding to activate E2P
hydrolysis as observed in the pre-steady-state Pi burst (Table
2; ref 10) and Pi T HOH 18O exchange (34) at micromolar

ATP concentrations. These features are depicted in the
mechanism:

where each of the subunits in the oligomer (shown in
brackets) proceeds to the next intermediate state in the
reaction cycle coupled to the hydrolysis of one molecule of
ATP. The stoichiometric equivalence of E1P and E2P
predicted by this model is present at 2°C (Figure 1C) but
does not occur at 21°C except in Ca2+-loaded SR vesicles
(Figure 4). The larger fraction of E2P in the unloaded vesicles
at the higher temperature (Figures 3 and 4) may be due to
the presence of monomers, which maintain higher steady-
state levels of E2P (Table 5, Figure 6B). High luminal Ca2+

may help in stabilizing the oligomer which, in turn, may
help to sustain the transport gradient by enhancing Ca2+

uptake, preventing Ca2+ efflux, or both.

The importance of intermolecular contacts in stabilizing
E1P is evident from its virtual disappearance from the C12E8-
solubilized enzyme under steady-state conditions (Figure 6B).
The low steady-state levels of E1P in the soluble enzyme
(∼6%) reflect an inherently fast turnover rate of this
intermediate under conditions where oligomerization with
E2P is prevented. In contrast to the steady-state distribution,
about one-half of the pre-steady-state phosphoenzyme is E1P
(ca. 50%; Figure 6A) as expected for the case in which E1P
and E2P are consecutive intermediates. Using the conven-
tional (monomeric) model, simulation of the E1Pf E2P
transition in the C12E8-solubilized Ca-ATPase with a forward
rate constant of 375 s-1 and a reverse rate constant of 10
s-1 closely approximated the levels of E2P formation
measured at 10 and 116 ms (dashed line, Figure 5). In the
native Ca-ATPase, the rate of conversion of E1P to E2P is
initially very fast (>500 s-1) but becomes much slower in
the steady state (∼10 s-1), resulting in the accumulation of
E1P (9). Solubilization of SERCA1 into monomers elimi-
nates this behavior and yields a transition rate that is invariant
with time. Our ability to model the kinetic behavior of the
soluble enzyme with a conventional (Albers-Post) scheme
demonstrates congruity with monomeric enzyme catalysis.
Conversely, the deceleration of the E1Pf E2P conforma-
tional transition and the (apparent) reversed order of forma-
tion of the phosphorylated intermediates in the native SR
Ca-ATPase are inconsistent with the monomeric scheme,
lending support to the hypothesis that oligomeric conforma-
tional interactions participate in these effects.

In summary, our analysis of the kinetic behavior of the
native membranous SR Ca-ATPase measured over a wide
range of experimental conditions argues against the Albers-
Post mechanism (and other linear consecutive schemes) as
asufficientdescription of the system. Instead, the data support
an oligomeric model in which the subunits communicate via
conformational interactions between two, three, and possibly
four subunits depending on the temperature and luminal Ca2+

concentration. These interactions modify the kinetic behavior
so that rate constantsappearto be time-dependent and the
sequence of formation of intermediatesappears to be
reversed. These conformational interactions are likely to be
strongest in asymmetric oligomers in which high (e.g., E1P)

[E1‚ATP/E1P/E2P/E2]+ ATP f

[E1P/E2P/E2/E1‚ATP] + Pi + ADP
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and low (e.g., E2P) energy states are paired. The pairing of
states with unequal chemical energy is a necessary condition
for intersubunit free energy exchange. During cycling of the
Ca-ATPase, oligomerization mediating free energy transfer
between the protomers can, in principle, enhance the activity
of forward reactions and/or reduce the activity of reverse
reactions. These effects are expected to enhance the vectorial
operation of the Ca2+ pump and may be an essential feature
of the mechanism of energy transduction used in uphill Ca2+

transport.

APPENDIX

The differential equations describing the kinetic model of
eq 4 are as follows:

The total enzyme concentration, [Etotal], is related to the sum
of the concentrations of the intermediates by the conservation
equation:

At t ) 0 (initial conditions), [Etotal](0) ) [E1]; all others are
0.
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