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ABSTRACT: We relate solution behavior to the crystal structure of the Ca2+ ATPase (SERCA). We find
that nucleotide binding occurs with high affinity through interaction of the adenosine moiety with the N
domain, even in the absence of Ca2+ and Mg2+, or to the closed conformation stabilized by thapsigargin
(TG). Why then is Ca2+ crucial for ATP utilization? The influence of adenosine 5′-(â,γ-methylene)
triphosphate (AMPPCP), Ca2+, and Mg2+ on proteolytic digestion patterns, interpreted in the light of
known crystal structures, indicates that a Ca2+-dependent conformation of the ATPase headpiece is required
for a further transition induced by nucleotide binding. This includes opening of the headpiece, which in
turn allows inclination of the “A” domain and bending of the “P” domain. Thereby, the phosphate chain
of bound ATP acquires an extended configuration allowing theγ-phosphate to reach Asp351 to form a
complex including Mg2+. We demonstrate by Asp351 mutation that this “productive” conformation of
the substrate-enzyme complex is unstable because of electrostatic repulsion at the phosphorylation site.
However, this conformation is subsequently stabilized by covalent engagement of theγ-phosphate yielding
the phosphoenzyme intermediate. We also demonstrate that the ADP product remains bound with high
affinity to the transition state complex but dissociates with lower affinity as the phosphoenzyme undergoes
a further conformational change (i.e., E1-P to E2-P transition). Finally, we measured low-affinity ATP
binding to stable phosphoenzyme analogues, demonstrating that the E1-P to E2-P transition and the
enzyme turnover are accelerated by ATP binding to the phosphoenzyme in exchange for ADP.

The Ca2+ ATPase of Sarco/Endoplasmic Reticulum (SER-
CA)1 is a membrane-bound enzyme that uses ATP as an
energy source for Ca2+ transport. The 100 kDa ATPase
protein includes 10 helical segments partitioned within the
membrane bilayer and a headpiece protruding from the
cytosolic membrane surface (1, 2). Binding of 2 Ca2+ is
required for enzyme (E) activation, whereby the ATP
terminal phosphate is utilized to form a phosphorylated
enzyme intermediate (E-P). The bound Ca2+ then undergoes
occlusion and vectorial translocation. The catalytic cycle is
completed by hydrolytic cleavage of E-P (3-5).

The Ca2+-binding domain and the ATP/catalytic site are
separated by a rather large distance within the ATPase
molecule, as the former resides within the membrane-bound

region of the enzyme and the latter within the headpiece
outside the membrane. Therefore, coupling of ATP utilization
and Ca2+ transport requires a “long range intramolecular
linkage” (6) operated by protein conformational changes.
Evidence of protein conformational changes following Ca2+

and ATP binding was first obtained by spectroscopic studies
(7). Atomic models of the ATPase structure were then
developed (8-14) demonstrating diverse conformational
states derived from crystals obtained in the absence of Ca2+

(stabilized by thapsigargin: E2-TG), in the presence of Ca2+

(E1-2Ca2+), and in the presence of high concentrations of
substrate and/or products yielding stable analogues of
catalytic cycle intermediates (Figure 1).

Ca2+ binding to the ATPase is an absolute requirement
for ATP utilization, and ATP is utilized at micromolar
concentrations by the Ca2+-activated enzyme. However, plots
of steady-state rates of ATP hydrolysis yield a further
increase of velocity at higher ATP concentrations (15-18),
raising the question of a second (i.e., activating) ATP site.
A number of amino acid residues involved in ATP binding
and formation of the phosphoenzyme intermediate were
identified by protein chemistry (19-21) and mutational
analysis (22-26). Involvement of these residues is consistent
with recent crystallographic studies including the ATP
analogue adenosine 5′-(â,γ-methylene) triphosphate (AMP-
PCP) or ADP and fluoroaluminate (10, 12, 14). There are
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however, outstanding issues regarding the requirements for
ATP binding and, in turn, the effect of ATP binding on
enzyme conformation. One issue is related to whether the
open headpiece configuration of the enzyme in the presence
of 2Ca2+ (E1-2Ca2+), as opposed to the closed configuration
in the absence of Ca2+ (E2-TG), has an influence on the
access and binding affinity of ATP, and whether the presence
of thapsigargin (TG) used for the stabilization of E2 makes
any difference. Another issue is related to the orientation of
the ATP phosphate chain and the conformation of the enzyme
with bound nucleotide in solution. In fact, the enzyme with
bound nucleotide (AMPPCP-E1-2Ca2+) and the phospho-
enzyme analogue with bound ADP (ADP-E1-AlFx-2Ca2+)
yield quite similar crystal structures, including evidence for
an occluded state of bound Ca2+ (10, 12). In contrast, the
effects of these ligands in solution are quite different (27,
28), since Ca2+ occlusion can be easily demonstrated in the
presence of AlFx. and ADP, but it is very difficult to
demonstrate in the presence of AMPPCP. Finally, a related

issue is the lack of any data on ADP binding by the ATPase
in solution.

With the experiments reported here, we endeavored to
obtain systematic measurements of ATP and ADP binding
to the ATPase in sequential states of the catalytic cycle and
to check related enzyme conformations by analysis of
proteinase K digestion patternsin solution (29-31). This
analysis of the protein is rendered possible by changes in
exposure and flexibility of the proteolytic sites in concomi-
tance with conformational changes of the ATPase protein
(Figure 1), which can then be related to information available
from crystallography. Considering the kinetic and structural
information obtained so far, the binding constants and the
conformational effects revealed by our experiments can be
of significant help in understanding (1) whether and how
ATP binds to the enzyme in the absence and in the presence
of Ca2+, and why it is utilized only in the presence of Ca2+;
(2) whether ATP binding may be expected to influence the
kinetics of the cycle, in addition to direct utilization as

FIGURE 1: Conformational states of the Ca2+-ATPase in the presence and absence of Ca2+, substrate and product analogues, based on the
coordinates deposited in PDB ID: 1SU4 (E1‚2Ca2+; (8)), 1VFP (E1‚AMPPCP (10)), 1XP5 (E2‚AlF4

-(TG) (13)), and 2DQS and 2D88
(E2(TG)‚ATP, (14)). ATP in E1‚2Ca2+ and ADP in E2‚AlF4

-(TG) are docked by fitting the N domain of E1‚AMPPCP and E2‚MgF4
2-(TG)

(PDB ID: 1WPG (11)). Color changes gradually from the N-terminus (blue) to the C-terminus (red). The two Ca2+ (I and II) bound to the
high-affinity transmembrane sites are circled when present. Three key residues (E183 in the A domain, D351 and D703 in the P domain)
are shown in ball-and-stick. Note the positional changes of headpiece domains in the various conformations, as well as the proteinase K
sites (30) in the loops connecting the A domain to the M2 and M3 helices. Note the nucleotide binding to the N domain, and the variable
relationship of the nucleotide phosphate chain (and Mg2+) with the P and A domains.
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substrate; (3) whether ADP is a strong or weak ligand, and
is a good leaving group following phosphoryl transfer from
ATP to the enzyme; and (4) whether the ATPase headpiece
conformation is affected by TG binding.

MATERIALS AND METHODS

Sarcoplamic retuculum (SR) vesicles were obtained from
rabbit skeletal muscle (32). Recombinant Ca2+ ATPase was
obtained from COS-1 cells infected with adenovirus vectors
carrying chicken wild-type (WT) (33) or mutant cDNA (34).

ATP and ADP binding was measured by a filtration
method (35-37). The reaction medium contained 40 mM
MOPS, pH 7.0, 80 mM KCl, 2 mM MgCl2, 1 mM EGTA
(in the absence or in the presence of 1 mM CaCl2), and
various concentrations of [32P]- or [14C]-labeled nucleotide.
For each experimental sample, 3 mL of ice-cold medium
was added by fast mixing to 0.3 mL of medium containing
0.4 mg of SR protein and filtered after 10 s through a 0.65
µm Millipore filter. Controls were obtained by passing
through the filters the same volume of reaction medium
containing corresponding concentrations of nucleotide in the
absence of SR protein. The filters were blotted and processed
for scintillation counting. The radioactivity associated with
control filters was subtracted from the radioactivity of
samples containing SR protein. The radioactivity associated
with the filters in the absence, as compared with the presence,
of protein was approximately 10% at 1µM ATP and up to
30% at 50µM ATP. In some experiments, 2 mM KF and
0.1 mM AlCl3 were added, and the reaction mixture was
incubated for 30 min in order to obtain the fluoroaluminate
complex, in the absence or in the presence of nucleotides.
All binding curves were obtained by computer fitting, based
on a single and independent site (noncooperative) binding
equation.

Enzyme phosphorylation by ATP was measured at 2°C
with a reaction mixture containing 40 mM MOPS, pH 7, 80
mM KCl, 2 mM MgCl2, 50µM CaCl2, 0.4 mg of SR protein/
mL, and 2µM A23187 ionophore. Individual samples (0.2
mL) were started by the addition of [γ32P]ATP, and quenched
with 1 M perchloric acid. Enzyme phosphorylation with Pi

was obtained by equilibration (10 min at 25°C) of SR
vesicles (2.0 mg/mL) with 0.5 mM [γ32P]Pi, in a medium
containing 40 mM MES, pH 6.5, 3 mM MgCl2, 1 mM
EGTA, and 20% Me2SO4. The reaction was quenched with
1 M PCA. The quenched reaction mixture was filtered on
0.65 µm Millipore filters, and the protein collected on the
filters was washed three times with 0.125 M perchloric acid,
once with cold water, and finally dissolved with dimethyl-
formamide and processed for scintillation counting. Control
experiments were performed with nonradiolabeld ATP or
phosphate in the perchloric acid quench to exclude the
occurrence of noncovalent binding to the quenched protein.

Decay of radioactive phosphoenzyme obtained by incuba-
tion with 10 µM ATP for 10 s at 2°C was initiated by a
chase with 10 mM EGTA, or 10 mM EGTA and 1 mM
nonradioactive ATP. Decay of radioactive phosphoenzyme
obtained by incubation for 10 min at 25°C with 0.5 mPi

was initiated by a chase with 50 mM nonradioactive Pi with
or without 1 mM ATP. In both cases, the temperature of the
chase was 2°C. Samples were acid-quenched and processed
for determination of radioactivity. The decay curves were
analyzed by exponential computer fitting.

Limited proteolytic digestion was performed in reaction
mixtures containing 50 mM MOPS, pH 7.0, 50 mM NaCl,
0.4 mg of microsomal protein (COS-1 cell microsomes
containing chicken recombinant SERCA)/mL, and 0.01-
0.04 mg of proteinase K. CaCl2, MgCl2, EGTA, and
AMPPCP were added as indicated in the figures. Following
incubation at 25°C for various time intervals, the reaction
was quenched with trichloroacetic acid (2.5%), and the
protein was solubilized with a medium containing sodium
dodecyl sulfate (1%), MOPS (0.312 M), pH 6.8, sucrose
(3.75%),â-mercaptoethanol (1.25 mM), and bromophenol
blue (0.025%). The samples were then subjected to electro-
phoretic analysis on 12% gels. Western blots were obtained
using the monoclonal antibody 5C3, followed by goat anti-
mouse IgG horseradish peroxidase-conjugated secondary
antibodies and visualization with an enhanced chemilumi-
nescence-linked detection system (Amersham Biosciences).

RESULTS

ATP Binding to the ATPase in the Absence of Ca2+. We
measured ATP binding by mixing SR vesicles with various
nucleotide concentrations and filtering after a 10 s incubation,
since full substrate binding and utilization is expected within
this time limit in the presence of Ca2+ (see below). In the
binding experiments, however, we omitted Ca2+ to avoid
ATP consumption and, thereby, obtained satisfactory binding
isotherms (Figure 2A). Analysis of the experimental points
demonstrates noncooperative binding yielding 5-9 µM Kd

values at pH 7.0, and maximal levels of 4.5 nmol ATP/mg

FIGURE 2: ATP binding to the ATPase in the absence of Ca2+. (A)
In the presence (b) and in the absence (O) of Mg2+; (B) in the
presence of Mg2+ (b), and following addition of 1µM TG (O) or
100µM CPA (2). ATP was added rapidly to the medium at 2°C,
and the mixture was filtered after 10 s incubation as described in
Materials and Methods.
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protein. These levels correspond to the stoichiometry of
ATPase in our microsomal preparation and indicate binding
saturation. It is then clear that the enzyme can bind ATP
even in the absence of Ca2+ (i.e., E2 state). The binding
affinity observed in the absence of Ca2+ is consistent with
the ATP concentration required for phosphoenzyme forma-
tion in the presence of Ca2+ (see below). Therefore, the
absolute Ca2+ requirement for ATP utilization is not simply
related to an effect of Ca2+ on the ATP binding affinity.

ATP binds to the enzyme even in the absence of Mg2+

(Figure 2A), although with lower affinity (Kd ) 24 µM),
indicating that neutralization of the phosphate charge is not
strictly required for simple binding. It is of interest that (in
the presence of Mg2+) a significant reduction of ATP binding
affinity (Figure 2B) is produced by TG (Kd ) 74 µM) or
CPA (Kd ) 189 µM) at inhibitory concentrations. An even
greater reduction of ATP binding affinity by TG was
previously derived from competitive experiments with an
azido derivative of TNP-ATP (24). In fact, it is known that
the enzyme headpiece is stabilized by TG in a closed
configuration (i.e., E2-TG), as demonstrated by Toyoshima
and Nomura (9).

ATP Utilization for Formation of Phosphorylated Enzyme
Intermediate.To obtain a term of comparison for the binding
experiments described above, we performed measurements
of ATP utilization for formation of phosporylated enzyme
intermediate. Figure 3A shows that, in the presence of Ca2+,
maximal levels of phosphorylation are obtained within 5 s
incubation at 2-3 °C temperature. This is due to the much
higher rates of phosphoenzyme formation as compared with

phosphoenzyme cleavage at low temperature. Maximal levels
of phosphoenzyme, nearing the stoichiometry of available
ATPase sites, are obtained with 10µM ATP (Figure 3B).

No significant levels of ATP utilization are observed in
the absence of Ca2+. In fact, the rate-limiting enzyme
activation by Ca2+ is demonstrated by a delay of phospho-
enzyme formation when ATP and Ca2+ are added simulta-
neously to enzyme deprived of Ca2+, as compared with
addition of ATP to enzyme preincubated with Ca2+ (Figure
4). It is noteworthy that addition of Ca2+ to enzyme
preincubated with ATP in the absence of Ca2+ yields the
same delay, indicating that ATP binding in the absence of
Ca2+ (under our conditions, at pH 7.0) does not bypass or
facilitate the Ca2+-dependent transition. Notably, at acid pH,
ATP may facilitate the E2 to E1-2Ca2+ transition (38, 14).

Nucleotide Binding and Conformational Effects in the
Presence of Ca2+. A most important point of interest is
whether binding of nucleotide produces a substrate-induced
fit, preliminary to the phosphoryl transfer reaction. However,
ATP binding to E1‚2Ca2+ cannot be measured directly
because of its rapid consumption by the Ca2+-activated
enzyme. Furthermore, simple binding measurements do not
distinguish the productive substrate complex at the catalytic
site from nucleotide bound in alternative configurations. We
therefore extended previous studies of specific conforma-
tional effects produced by the ATP analogue AMPPCP, as
revealed by the pattern of ATPase protein digestion with
proteinase K (26, 29). In fact, accessible proteinase K
digestion sites are located within the loops connecting the
A domain to the membrane regions and become protected
as the enzyme undergoes specific conformational changes
(29, 31), and the A domain rotates and/or bends (Figure 1).
Even though its structure is analogous to that of ATP,
AMPPCP is not utilized for covalent transfer of its terminal
phosphate, so that the conformational effects of its binding
to the ATPase can be studied under equilibrium conditions.

Figure 5 shows that electrophoresis of ATPase protein
subjected to limited digestion with proteinase K (30) in the
absence of Ca2+ exhibits 95 and 83 kDa bands, corresponding
to fragments intervening between Lys120 (in the link
between the A domain and M2) and the carboxyl terminus,

FIGURE 3: ATP utilization for formation of phosphorylated enzyme
intermediate. (A) Time dependence; (B) ATP concentration de-
pendence. The experiments were conducted at 2°C by adding ATP
(10 µM in panel A, as specified in panel B), and quenching at the
time specified in panel A, or after 10 s incubation in panel B.
Reaction mixture given in Materials and Methods.

FIGURE 4: Ca2+ requirement for enzyme phosphorylation by ATP.
The reaction was started by addition of 10µM ATP to enzyme
preincubated with Ca2+ (b), addition of 10µM ATP and 1 mM
Ca2+ to enzyme preincubated with 1 mM EGTA (O), addition of
1 mM Ca2+ to enzyme preincubated with 1 mM EGTA and 10
µM ATP (2), and addition of 10µM ATP to enzyme preincubated
with 1 mM EGTA in the absence of Ca2+ (0). Reaction conducted
as described in Materials and Methods, at 2°C.
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and Glu243 (in the link between the A domain and M3) and
the carboxyl terminus (Figure 1). In the presence of 20µM
Ca2+, the digestion proceeds more rapidly, yielding a
prominent 83 kDa band, and a 54 kDa band that corresponds
to the segment between the Glu243 and Val734/Val747
proteolytic sites. In the absence of Ca2+, AMPPCP does not
protect digestion of the ATPase band but increases digestion
of the 95 kDa, yielding an electrophoretic pattern with a more
prominent 85 kDa band and no visible 54 kDa band. In the
presence of 20µM Ca2+, AMP-PCP produces only modest
protection (see below for high Ca2+). In contrast, in the
presence of 1 mM Mg2+ (no Ca2+ present) AMPPCP
produces evident protection, which is even more evident if
both Ca2+ (20 µM) and Mg2+ (1 mM) are present (Figure
5). In the absence of AMPPCP, Mg2+ show only slight
protection of the 83 kDa band, in the absence or in the
presence of Ca2+. These diverse proteolytic patterns are due
to changes in the accessibility and flexibility of peptide
loops, which are related to displacement of the A domain
and catalytically relevant conformational transitions
(Figure 1).

We observed previously a similar protection in the
presence of fluoroaluminate, which is optimized by the
addition of ADP and Ca2+ (27) due to formation of an ADP-
E1-AlFx-2Ca2+ complex. This protection is attributed to
rotation and tilting of the “A” headpiece domain, whereby
the proteolytic digestion sites (residing in the loops connect-
ing the “A” domain to the transmembrane helices) are hidden
from the medium or become rigid. The similar protection
pattern produced by AMPPCP indicates that in the presence
of Ca2+ and Mg2+ the enzyme-nucleotide complex acquires
a conformation nearly identical to that of the fluoroaluminate
phosphoenzyme analogue.

A distinct feature of the AMPPCP effect is the requirement
for high (mM) nucleotide concentrations (Figure 6), as
compared with the micromolar concentrations required for
ATPase activation. Such a high ligand concentration require-
ment suggests that, under conditions of catalytic activation,
nucleotide binding yields an unstable transition complex,
preceding the covalent phosphoryl transfer (which does not
occur when AMP-PCP is used instead of ATP). Dissociation
of the complex is evidently prevented by second-order
stabilization with high ligand concentrations. It is interesting

that the AMPPCP concentration required for the protective
effect is much lower when the Asp351 is mutated to Ala
(Figure 6).

Mg2+ enhances AMPPCP protection in the presence of
micromolar Ca2+ concentrations, but does not appear to be
a major requirement when high concentrations (mM) of Ca2+

are present (not shown), most likely due to Ca2+ substitution
for Mg2+. However, in the absence of AMPPCP, 10 mM
Ca2+ affords little or no protection. It should be understood
that the Mg2+ requirement is not limited to a structural role,
but includes metal ion assistance in the general acid-base
catalytic mechanism of the phosphorylation reaction with
ATP, as well as with Pi in the reverse direction of the cycle.

ADP Binding.We then proceeded to determine to what
extent ADP is a good leaving product following phosphoryl
transfer from ATP to the enzyme. To this aim, we pre-
equilibrated the enzyme with KF, AlCl3, and Ca2+ to obtain
the fluoroaluminate phosphoenzyme analogue with Ca2+

bound (E1-AlFx-2Ca2+). Fluoroaluminate reacts stoichio-
metrically with all the ATPase molecules in the incubation
mixture and produces complete catalytic inactivation, as
demonstrated by biochemical (39, 27) and crystallographic
experiments (11, 12). Figure 7 shows that ADP has a high
binding affinity (Kd ) 4 µM) for E1-AlFx-2Ca2+ (transition
state analogue of E1-P-2Ca2+). In contrast, the affinity for
ADP binding to the fluoroaluminate phosphoenzyme ana-
logue is low if Ca2+ is omitted to obtain E2-AlFx (transition
state analogue of E2-P). Fitting of the experimental points
obtained with E2-AlFx, E2, or E1-2Ca2+, based on the
known maximal number of binding sites, yields very low
affinity constants. These measurements demonstrate clearly
that the ADP product has high affinity for the transition state
analogue of E1-P-2Ca2+, but it becomes a good leaving
product as the phosphoenzyme undergoes the E1-P to E2-P
transition.

FIGURE 5: Partial digestion of ATPase with proteinase K. Effects
of Ca2+, Mg2+, and AMPPCP. Digestion with Proteinase K and
electrophoresis as explained in Materials and Methods, using 0.04
mg of ProtK/mL, for 10 min. The experiment shows that the
ATPase band is optimally protected by AMPPCP when both Ca2+

and Mg2+ are present (compare lane 5 with lane 9).

FIGURE 6: Partial digestion of ATPase with proteinase K. Protection
by AMPPCP and concentration dependence. Digestion with Pro-
teinase K and electrophoresis as explained in Materials and
Methods, using 0.015 mg of ProtK/mL, for 40 min. There are 20
µM Ca2+ and 1 mM Mg2+ present in all samples. The experiment
shows that protection by AMPPCP requires higher concentration
when WT ATPase is used, as compared with the Asp351Ala mutant.
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ATP Binding to the Fluoroaluminate Analogue of EP.To
clarify the known enhancement of steady-state ATPase
activity by high ATP concentrations (above theKm range),
we studied ATP binding to the phosphoenzyme intermediate
analogue obtained with fluoroaluminate in the presence (E1-
AlFx-2Ca2+) or in the absence of Ca2+ (E2-AlFx). The
binding affinity observed under these conditions (Figure 8)
was considerably lower (37), and determination of binding
at high ATP concentrations was prevented by the unfavorable
noise-to-signal ratio. Nevertheless, it is clear that ATP can
still bind to the phosphoenzyme intermediate analogue,
although with low affinity. To test the functional consequence
of low-affinity ATP binding to the phosphoenzyme, we then
measured the decay rate of phosphoenzyme obtained by a 5
s incubation of Ca2+-activated ATPase with 10µM radioac-
tive γ-32P-ATP at 2°C (i.e., E1-P-2Ca2+). Under these
conditions, a steady level of32P-phosphoenzyme correspond-
ing to nearly all the ATPase molecules in the reaction
medium is obtained. Following this 5 s incubation, we
initiated radioactive phosphoenzyme decay by a chase with
10 mM EGTA to prevent further activation of enzyme by
Ca2+, or with 10 mM EGTA and 1 mM nonradioactive ATP.
Figure 9 shows that the decay is faster when the chase

includes millimolar concentrations of ATP, as compared with
EGTA alone. In fact, the experimental points are best fitted
by two exponentials. The decay in the presence of EGTA
has an initial fast component (2 s-1) that accounts for only
15% of the curve, and a slower component (0.16 s-1) that
accounts for 85%. In contrast, in the presence of 1 mM ATP,
the fast component (2.0 s-1) accounts for 84%, and the slow
component (0.13 s-1) accounts for 16% of the decay.

In a parallel set of experiments, we studied the decay of
phosphoenzyme obtained with32P-Pi in the absence of Ca2+

(i.e., E2-P). In this case, the decay of radioactive phospho-
enzyme was initiated by the addition of excess nonradioactive
Pi or excess nonradioactive Pi and 1 mM ATP. Figure 9
shows that, in both cases, the decay of E2-P occurs faster
than the decay of the E1-P-2Ca2+ with no added ATP,
indicating that in the later case decay is delayed by the E1-P
to E2-P transition. Furthermore, decay of phosphoenzyme
obtained with32P-Pi in the absence of Ca2+ occurs with nearly
identical kinetics as the E1-P-2Ca2+ decay in the presence
of mM ATP. Considering the low-affinity ATP binding to
the E-P analogue demonstrated in Figure 8, the experiment
shown in Figure 9 indicates that low-affinity binding of ATP
to E1-P-2Ca2+ accelerates the E1-P to E2-P transition
and thereby the consequent phosphoenzyme decay. This is
consistent with earlier reports on the effect of ATP secondary
binding on phosphoenzyme decay (40-42).

Conformational Effect of Thapsigargin.We extended the
experiments with proteinase K to check whether TG may
influence the pattern of ATPase digestion. Previous experi-
ments on digestion of native sarcoplasmic reticulum ATPase
with proteinase K, followed by electrophoresis and staining
with Coomassie Blue, indicated that TG hardly affected the
resistance of ATPase to proteolytic attack (31). In our
experiments, we used recombinant SERCA1, followed by
detection of electrophoretic fragments by Western blots,
using an antibody that reacts with the carboxy terminus of
the enzyme protein. As immunostaining yields a stoichio-
metric rather than protein mass quantitation, we were able
to follow the digestion pattern down to small fragments. We
found (Figure 10) that (in the absence of Ca2+) the ATPase

FIGURE 7: ADP binding to the ATPase and to the fluoroaluminate
analogue of the phosphorylated enzyme intermediate, in the absence
and in the presence of Ca2+. (14C)-ADP was mixed into the reaction
mixture and incubated for 30 min at 20°C and then filtered. Control
with no fluroaluminate or Ca2+ (O); control with no fluoroaluminate,
but with 20 µM Ca2+ (b); fluoroaluminate with no Ca2+ (0);
fluoroaluminate with 20µM Ca2+ (9).

FIGURE 8: ATP binding to the fluoroaluminate analogue of the
phosphorylated enzyme intermediate. SR vesicles were incubated
for 30 min with 2 mM KF and 100µM AlCl 3 at 2°C, as described
in Materials and Methods. ATP was added rapidly to the medium
at 2°C, and the mixture was filtered after 10 s incubation. Control
with no fluroaluminate or Ca2+ (b); fluoroaluminate with no Ca2+

(2); fluoroaluminate with 20µM Ca2+ (0).

FIGURE 9: Decay of radioactive phospoenzyme obtained with ATP
or Pi. Decay of phosphoenzyme made with ATP was initiated by
a chase with 10 mM EGTA (b) or 1 mM nonradioactive ATP and
10 mM EGTA(9). Decay of phosphoenzyme made with Pi was
initiated by a chase with 50 mM Pi (2) or 50 mM Pi and 1 mM
ATP (1). In both cases, the temperature of the chase was 2°C.
The time curve following the EGTA chase (b) includes additional
points up to 15 s, which were used for exponential fitting, and are
not included in the graphics curve to avoid excessive compression
of the time scale for the other curves.
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protein, the 95 kDA fragment (cut around K120 in the A
domain-M2 link (30)), and the 83 kDa fragments were
moderately protected by TG. However, the large yield of a
small 28 kDa fragment (cut around V747 or V734 in the
M5 helix (30)) produced in the control samples was not
observed when TG was present in the reaction mixture. It is
then apparent that the ATPase conformation is significantly
constrained by TG binding. Therefore, proteolytic sites are
protected.

DISCUSSION

It is now useful to consider the questions posed in the
introduction to this article, providing explanations based on
the experimental findings as follows:

1. Does ATP Bind to the Enzyme with High Affinity in the
Absence of Ca2+, and Why Is It Utilized only in the Presence
of Ca2+? A high affinity (Kd ) 5-9 µM) for ATP binding
is obtained by direct measurements in the absence of Ca2+

(Figure 1A, and refs35-37). An even higher affinity was
derived from competition studies with an azido derivative
of TNP-ATP (24). This range of binding affinity in the
absence of Ca2+ is consistent with the ATP concentration
dependence of phosphoenzyme formation in the presence of
Ca2+, when related kinetic constants are taken into account.
However, ATP is not utilized for phosphoenzyme formation
in the absence of Ca2+, even if Mg2+ is present (43). This
indicates that the bound ATP acquires a position permitting
covalent transfer of its terminal phosphate only in the
presence of Ca2+. The occurrence of ATP (Figure 8) binding
to the fluoroaluminate phosphoenzyme analogue (where the
phosphorylation site is already occupied) demonstrates that
an extended phosphate chain configuration, reaching Asp351
for catalytic interaction, is not a requirement for ATP
binding. In fact, even in the presence of Ca2+, bound ATP
can acquire a configuration with a folded phosphate chain

reaching Thr441 rather than Asp351 (44). Therefore, while
interaction of the adenosine moiety with the N domain is a
basic feature of nucleotide binding to the ATPase, the ATP
γ-phosphate is only permitted to reach Asp351 through a
Ca2+-dependent and specific substrate-induced conformation
(Figure 1). Acquisition of this ATPase conformation entails
a large inclination of the N domain toward the P domain
(Figure 11), and bending of the P domain with stabilization
by Mg2+. Binding of Mg2+ in the P domain is likely to be
cooperative, since it requiresγ-phosphate as one of the
coordinating oxygen atoms (11, 12). The large inclination
of the N domain (which can only be permitted by the opening
of the A domain in the Ca2+-induced conformation) allows
cross-linking of the N and P domains by Arg560 via the
ATP â-phosphate. Furthermore, bending of the P domain
affects further the A domain, tilting it by∼30° and placing

FIGURE 10: Partial digestion of ATPase with proteinase K. Effect
of TG. Digestion with Proteinase K and electrophoresis as explained
in Materials and Methods, using 0.04 mg of ProtK/mL. The reaction
mixture contained 1.0 mM EGTA, 10µM Ca2+ (endogenous), and
1.0µM TG when indicated. The time of incubation with Proteinase
K was for 0 (lane 1), 10 (lane 2), 20 (lane 3), 30 (lane 4), 40 (lane
5), 50 (lane 6), 60 (lane 7), and 90 (lane 8) min.

FIGURE 11: Arrangement of the cytoplasmic domain in the E2-
AMPPCP(TG) (2DQS) and E1-AMPPCP-2Ca2+ (1VFP) crystal
structures. The structures are superimposed by fitting the N domain,
which shows little conformational changes between the two
structures. The A domain movement between the two states is
largely approximated by a 110° rotation (indicated by dotted arrows
in panel a around an axis (a, thin red rod; b, double circles) nearly
perpendicular to the membrane. Views are along the rotation axis
(a) and normal to it (b). The residues forming hydrogen bonds
between A and N domains are clustered (dotted circles) and shown
in stick representation. Only E486 is involved in either structure.
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strain on the A domain-M3 helix loop. Thereby, a subse-
quent 110° rotation of the A domain is facilitated, in
concomitance with the E1-P to E2-P transition.

Figure 11 shows that the space around the ATP phosphate
chain is substantially narrower in the AMPPCP-E1-2Ca2+

than in the recently obtained (PDB 2DQS; see also ref14)
AMPPCP-E2(TG) crystal structure. That is because, in the
AMPPCP-E2(TG) structure, a suitable bending of the P
domain (to allow adjustment of the bound ATP) is sterically
hindered by the A domain. As shown in Figure 11b, the loop
containing the TGES signature sequence interferes with the
P5-P6 helices. Furthermore, as the A domain is wedged
into the space between the N and P domains, further bending
of the N domain appears unlikely (Figure 11b).

In the AMPPCP-E2(TG) structure, the nucleotide binds
to the same place as in the AMPPCP-E1-2Ca2+ complex,
but the phosphate chain is in a folded configuration, rather
distant from Asp351 in the P domain (Figure 1). The two
structures are similar, with the exception of a TGES loop
movement that interferes with the proper interaction of the
A domain with the P domain in the AMPPCP-E2(TG)
complex. Therefore, interference with a productive phosphate
configuration is most likely due to lack of stabilization by P
domain residues and Mg2+. It is clear that the Ca2+-induced
headpiece opening is necessary to eliminate the interference
of the TGES loop with the movement of the P domain. It is
conceivable that opening of the headpiece domain may occur
faster when Ca2+ binds in the presence of bound ATP, at
least under some conditions.

Comparing the AMPPCP-E2(TG) to the AMPPCP-E1-
2Ca2+ crystal structure, displacement of the A domain can
be represented by a 110° rotation around an axis ap-
proximately perpendicular to the membrane (double circle
in Figure 11a and red dot in Figure 11b) with a∼5 Å
translation. As a result, the interface between the A domain
and the N domain is totally different in the two structures,
with Glu486 as the only residue contributing in both states
(Figure 11a).

Considering that (a) direct measurements (Figure 2)
indicate that ATP binds with high affinity in the absence of
Ca2+; (b) Ca2+ is nevertheless required for ATP utilization
(Figure 4); and (c) the AMPPCP-E1-2Ca2+ structure
presents significant changes relative to both E1-2Ca2+ and
AMPPCP-E2(TG) (Figure 1; refs10, 11, 14), we conclude
that the phosphate chain of bound ATP acquires the extended
and productive configuration (including Mg2+ engagement:
Figure 1) as a consequence of two consecutive and interde-
pendent conformational changes produced by Ca2+ and ATP
binding to the enzyme.

2. Why Does Stabilization of AMPPCP-E1-2Ca2+ Re-
quire High Ligand Concentration?Thecrystal structuresof
AMPPCP-E1-2Ca2+ (analogue of the substrate-enzyme
complex) and ADP-E1-AlF4-2Ca2+ (analogue of the
phosphoryl transfer transition state) are nearly identical
(Figure 12), showing that substrate binding has already
produced a productive configuration at the catalytic site (i.e.,
suitable for the phosphoryl transfer reaction), as well as
occlusion of the 2 Ca2+ bound in the transmembrane region
(10, 12). This is a very important substrate-induced confor-
mational change, triggered by AMPPCP binding to E1-
2Ca2+. Yet, in solution experiments, it is very difficult to
demonstrate Ca2+ occlusion in the presence of AMPPCP,

while it is quite easy to show Ca2+ occlusion in the presence
of fluoroaluminate and ADP (27, 28). Furthermore, protein-
ase K protection experiments indicate that stabilization of
the AMPPCP-induced conformation requires high (mM)
concentrations of nucleotide, well above the micromolar
requirement for ATP binding to the enzyme in the absence
of Ca2+ (Figure 2), and above the micromolar ATP require-
ment for enzyme phosphorylation in the presence of Ca2+

(Figure 3). In addition, stabilization by high Ca2+ is also
observed, which may be related to replacement of Mg2+

bound to the P domain by Ca2+ (45), as its larger radius is
presumably required to cope with a longer distance between
the metal and the oxygen atom of theγ-phosphate, as
compared with the fluorine atom of AlFx.

Overall, our experiments indicate that the nucleotide-
dependent, productive enzyme conformation is unstable in
solution. Electrostatic repulsion betweenγ phosphate and
Asp351 (Figure 6) and additional neighboring residues (46)
contributes to the instability of the productive phosphate
configuration. Considering the nearly identical conformations
(Figure 12) of AMPPCP-E1-2Ca2+ (analogue of the
substrate-enzyme complex) and ADP-E1-AlF4-2Ca2+

(analogue of the phosphoryl transfer transition state), a very
interesting difference is theinstability of the former in
solution, as compared to thestabilityof the latter. To explain
this difference, we consider that when we use AMPPCP
(inactive substrate analogue) insolution experiments, the
binding complex is observed underequilibrium conditions.
As the ATPase binding constant for the nucleotide substrate
is of the order of 106 M-1, it is apparent that the 10-3 M
AMPPCP requirement is related to stabilization provided by
binding energy (RT ln 10-6 M-1 × 10-3 M ) 4.2 Kcal
mol-1). On the other hand, when ATP is used, the unstable
productive conformation is transient and proceeds to covalent

FIGURE 12: Alignment of key residues and substrate in AMPPCP-
E1-2Ca2+ (1VFP) and ADP-E1-AlFx-2Ca2+ (1WPE). Amino
acid residues are shown in atom color, AMPPCP and Mg2+ in red
for AMPPCP-E1-2Ca2+; amino acid residues, ADP, aluminum
fluoride, and Mg2+ are shown in blue for ADP-E1-AlFx-2Ca2+.
Not withstanding a nearly identical conformation, AMPPCP-E1-
2Ca2+ is unstable in solution, while ADP-E1-AlFx-2Ca2+ is
stable (see text).
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phosphoryl transfer to the enzyme. In this case, we deal with
steady-state turnoVer (rather thanequilibrium), and an
analogous requirement (4 Kcal mol-1) is observed as energy
of activation, which can be estimated from the temperature
dependence of the phosphorylation reaction rates (47 and
Figure 3A). Considering that the equilibrium constant for
the phosphorylation reaction is nearly 1, it is evident that
significant activation energy is required to attain the produc-
tive enzyme-substrate complex conformation, but the phos-
phoryl transfer reaction then yields a stable product.

3. Is ADP a Strong or Weak Ligand, and Is It a Good
LeaVing Group Following Phosphoryl Transfer from ATP
to the Enzyme? Does Low-Affinity ATP Binding Influence
the Kinetics of the ATPase Cycle?We found that ADP binds
(Figure 7) with rather high affinity to the fluoroaluminate
analogue of the phosphoenzyme in the presence of Ca2+ (i.e.,
E1-AlFx-2Ca2+), This indicates that, following covalent
phosphoryl transfer, the electrostatic repulsion between ATP
γ-phosphate and Asp351 is relieved, thereby conferring
stability to the ADP product. In contrast, the affinity of ADP
for the fluoroaluminate analogue becomes significantly lower
in the absence of Ca2+ (i.e., E2-AlFx). This is in very good
agreement with crystal structures showing that the “A”
domain rotates upon the E1-P to E2-P transition, filling
the space previously occupied by ADP (11). Therefore,
dissociation of the ADP product occurs as the phosphorylated
enzyme intermediate undergoes the subsequent conforma-
tional transition (Figure 1).

An important finding, in this regard, is the occurrence of
low-affinity ATP binding to the fluoroaluminate analogue
of the phosphorylated intermediate (i.e., E1-AlFx-2Ca2+

or E2-AlFx). This is in agreement with the observed
competitive inhibition by ATP on ezyme phosphorylation
with Pi (48). Our experiments suggest that ATP, at 0.1-1.0
mM concentrations, binds again to the phosphorylated
intermediate in exchange for ADP. In this case, low-affinity
ATP binding to E1-P-2Ca2+ relies on interaction with the
adenosine binding pocket, without intrusion of the phosphate
chain into the phosphorylation site. The presence of ATP
on the N domain has evidently a destabilizing effect on E1-
P, with consequent acceleration of the E1-P to E2-P
transition (Figure 9). This explains the second rise of steady-
state ATPase velocity produced by ATP above theKm

concentration range (13-16). It is noteworthy that such a
kinetic effect of low-affinity ATP binding appears to be quite
specific for the E1-P to E2-P transition. In fact, hydrolytic
cleavage of E2-P is not affected (Figure 9).

4. Is the ATPase Headpiece Conformation Affected by TG
Binding?When the AMPPCP-E2-TG and AMPPCP-E1-
2Ca2+ crystal structures are compared, it is apparent that
productive (i.e., extended phosphate chain) binding of ATP
(AMPPCP) and Mg2+ requires opening of the cytoplasmic
headpiece, which is certainly realized following cooperative
Ca2+ binding to the two high-affinity transmembrane sites.
An important question is then related to the stability of the
A and N domains interaction in the absence of Ca2+ (with
no TG). In the E2-TG crystal structure, the A and N
domains interaction is stabilized by several hydrogen bonds,
including the His190 (A)-Glu486 (N), and Asp202 (A)-
Arg489 (N) salt bridges (Figure 11). They are preserved in
the recently obtained structure of E2(TG) with bound
AMPPCP. On the other hand, we do not know how stable

this interaction is in the absence of Ca2+ and TG. Considering
that we observe rapid denaturation of the ATPase in the
absence of Ca2+ (not shown), we anticipate that this
association may not be very stable, particularly at high pH.
Furthermore, TG has a clear protective effect against ATPase
digestion with proteinase K (Figure 9). In particular, nearly
complete protection of the digestion site on the M5 helix
suggests that M5 moves substantially in the absence of TG;
this movement will bring the P and N domains apart from
the A domain, thereby opening the gathered headpiece. Thus,
we expect that, in solution, the headpiece is open for a
significant fraction of time even in the absence of Ca2+ when
TG is absent. This explains why the affinity for ATP is lower
when TG is present (Figure 2).

In conclusion, our experiments indicate that nucleotide
binding occurs through initial interaction of the adenosine
moiety with the N domain of the ATPase, even in the absence
of Ca2+ or Mg2+. However, a productive substrate-enzyme
complex is produced through two sequential and interde-
pendent conformational effects produced by Ca2+ and ATP.
Local electrostatic repulsion may be only overcome by
protein conformational constraint, whereby the ATPγ-phos-
phate is permitted to reach Asp351 to form a complex with
Mg2+. This yields an unstable conformation of the productive
complex. Stabilization is subsequently obtained through the
covalent phosphoryl transfer reaction. This is consistent with
extensive theoretical studies indicating that, generally, the
most important catalytic factor is electrostaticpreorganiza-
tion of the enzyme active site (49). Following covalent
phosphoryl transfer, the ADP product is released, and
secondary ATP binding to the phosphoenzyme may occur
with lower affinity, thereby accelerating further conforma-
tional transitions and turnover of the phosphoenzyme.
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