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Nine single mutations were introduced to amino acid
residues Thr441, Glu442, Lys515, Arg560, Cys561, and Leu562

located in the nucleotide-binding domain of sarcoplas-
mic reticulum Ca2�-ATPase, and the functional conse-
quences were studied in a direct nucleotide binding as-
say, as well as by steady-state and transient kinetic
measurements of the overall and partial reactions of the
transport cycle. Some partial reaction steps were also
examined in mutants with alterations to Phe487, Arg489,
and Lys492. The results implicate all these residues, ex-
cept Cys561, in high affinity nucleotide binding at the
substrate site. Mutations Thr4413 Ala, Glu4423 Ala, and
Leu5623 Phe were more detrimental to MgATP binding
than to ATP binding, thus pointing to a role for these
residues in the binding of Mg2� or to a difference be-
tween the interactions with MgATP and ATP. Subse-
quent catalytic steps were also selectively affected by
the mutations, showing the involvement of the nucleoti-
de-binding domain in these reactions. Mutation of
Arg560 inhibited phosphoryl transfer but enhanced the
E1PCa2 3 E2P conformational transition, whereas mu-
tations Thr441 3 Ala, Glu442 3 Ala, Lys492 3 Leu, and
Lys515 3 Ala inhibited the E1PCa2 3 E2P transition.
Hydrolysis of the E2P phosphoenzyme intermediate was
enhanced in Glu442 3 Ala, Lys492 3 Leu, Lys515 3 Ala,
and Arg5603Glu. None of the mutations affected the low
affinity activation by nucleotide of the phosphoenzyme-
processing steps, indicating that modulatory nucleotide
interacts differently from substrate nucleotide. Muta-
tion Glu442 3 Ala greatly enhanced reaction of Lys515

with fluorescein isothiocyanate, indicating that the two
residues form a salt link in the native protein.

The sarcoplasmic reticulum Ca2�-ATPase1 is an energy-
transducing enzyme responsible for active transport of Ca2�

from the cytosol into the lumen of sarcoplasmic reticulum. It is
an integral 110-kDa membrane protein belonging to the family
of P-type ATPases, in which autophosphorylation by ATP of a
conserved aspartic acid residue is coupled to conformational
changes resulting in ion translocation (Scheme 1). The high
resolution x-ray structure of the Ca2�-ATPase crystallized in a
Ca2�-bound dephospho form (presumably corresponding to
E1Ca2 in Scheme 1) has revealed that the enzyme is made up of
10 membrane-spanning helices and a large cytoplasmic head
that binds ATP and catalyzes its hydrolysis to yield ADP and
Pi. The head consists of three well defined domains: the nucle-
otide-binding domain (“domain N,” supposed to bind the aden-
osine part of ATP), phosphorylation domain (“domain P” with
Asp351, which is phosphorylated), and actuator domain (“do-
main A,” believed to undergo large movements during the
reaction cycle) (1). The catalytic site may, at different stages of
the transport cycle, consist of residues contributed from all
three head domains, and many questions regarding the nature
of the nucleotide-binding site(s) are unresolved.

In domain N, labeling of Lys515 with FITC (2, 3) or Lys492

with TNP-8N3-ATP (4) is competitive with respect to ATP
binding at the catalytic site. The specific photolabeling of
Lys492 with TNP-8N3-ATP has permitted measurement of the
binding of nucleotide to mutant Ca2�-ATPases in a competition
assay and identified Phe487, Arg489, and Lys492 as likely nucle-
otide-binding residues (5). The location of TNP-AMP in the
crystal structure, obtained from a difference Fourier map fol-
lowing soaking of the E1Ca2 crystals in a solution containing
TNP-AMP, supported involvement of these residues in the
binding of nucleotide, and in addition revealed the proximity of
TNP-AMP to several other residues, including Thr441, Glu442,
Lys515, Arg560, and Leu562 (1).
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A surprising feature of the crystal structure of the Ca2�-
bound E1Ca2 dephospho form is that the configuration of the
cytoplasmic domains is quite open with the nucleotide-binding
site being separated from Asp351 in domain P by more than 25
Å, implying large domain movements during ATP binding and
hydrolysis (1). Presumably, the binding of nucleotide leads to
closing of the structure. The movements contribute to uncer-
tainties about the nucleotide-binding residues and the orienta-
tion of the bound nucleotide. Although the high affinity binding
sites for TNP-nucleotide and ATP seem to overlap (6), they are
not necessarily identical. Thapsigargin, a potent inhibitor of
the Ca2�-ATPase, has no effect on TNP-ATP or TNP-8N3-ATP
binding, and yet decreases the affinity of the pump for ATP by
at least 100-fold (5, 7). The doubts with respect to the nucleo-
tide site are exacerbated by functional studies showing that
ATP in addition to being the phosphorylating substrate exerts
modulatory effects on various steps of the pump cycle, see
boxed ATP in Scheme 1 (8–16). In view of the predicted large
domain movements and presence of the phosphoryl group at
the catalytic site during part of the cycle, it seems unlikely that
modulatory ATP binds exactly as substrate ATP does.

In the present study, we have introduced mutations of
Thr441, Glu442, Lys515, Arg560, Cys561, and Leu562, and we have
also extended the previous study (5) on mutants with alter-
ations to Phe487, Arg489, and Lys492. With the exception of
Cys561, these residues show a high degree of conservation
throughout the P-type ATPase family (17). A recent study,
applying solution nuclear magnetic resonance techniques to a
28-kDa recombinant Ca2�-ATPase fragment corresponding to
domain N pinpointed Thr441 and Glu442 as the two residues
providing the largest shifts in the backbone 15N spectra upon
addition of a non-hydrolyzable ATP analogue to the medium
(18). Marked spectral shifts were also seen for residues close in
the linear sequence to Lys492, Lys515, and Arg560. Site-directed
mutagenesis studies have previously shown the importance of
Lys515 and Arg560 in the overall ATPase function (19–21).
Mutation of Lys515 to arginine, alanine, glutamine, and gluta-
mate resulted in 65, 30, 25, and 5% Ca2�-transport activity
relative to wild type (19, 20). Mutation of Arg560 to alanine
abolished phosphorylation from ATP (21). Thr441, Glu442,
Cys561, and Leu562, or their homologues in other P-type
ATPases, have not been subjected previously to mutational
analysis.

This study, presenting the first direct measurements of nu-
cleotide-binding properties of mutants with alterations to
Thr441, Glu442, Lys515, Arg560, Cys561, and Leu562 of the Ca2�-
ATPase, reveals marked effects on nucleotide binding to the
substrate site of the dephosphoenzyme, except in the case of the
Cys561 mutants. Moreover, our analysis of other steps in the
pump cycle (Scheme 1) demonstrates that phosphorylation, the
Ca2�-translocating E1PCa2 3 E2P conformational transition,
as well as the hydrolysis of the E2P phosphoenzyme interme-
diate are affected to various extents by the mutations. The low
affinity modulatory effects of ATP on the phosphoenzyme-proc-

essing steps are, however, not significantly affected. Finally,
we provide functional evidence for close interaction between
Lys515 and Glu442 in experiments demonstrating direct involve-
ment of Glu442 in the labeling reaction of Lys515 with FITC.

EXPERIMENTAL PROCEDURES

Mutagenesis, Expression, and Assays of Overall Function—Oligonu-
cleotide-directed mutagenesis of cDNA encoding the rabbit fast twitch
muscle Ca2�-ATPase (SERCA1a isoform) was carried out as described
previously (22). For expression, the wild-type or mutant cDNA, inserted
in the pMT2 vector (23), was transfected into COS-1 cells using the
calcium phosphate precipitation method (24). The microsomal fraction
containing expressed wild-type or mutant Ca2�-ATPase was isolated by
differential centrifugation (19). The concentration of expressed Ca2�-
ATPase was quantified by a specific enzyme-linked immunosorbent
assay (25) or by determination of the maximum capacity for phospho-
rylation by inorganic phosphate in the presence of 30% (v/v) dimethyl
sulfoxide (“active site concentration,” see Ref. 26). Transport of 45Ca2�

into the microsomal vesicles was measured by filtration, and the
ATPase activity was measured by determining the amount of Pi liber-
ated as described previously (26).

Phosphorylation from [�-32P]ATP and 32Pi—Manual mixing experi-
ments at various buffer and temperature conditions (detailed in the
figure legends) were carried out according to the principles described
previously (22, 25, 26). Transient kinetic experiments at 25 °C were
performed using a Bio-Logic quench-flow module QFM-5 (Bio-Logic
Science Instruments, Claix, France) as described (27). In all phospho-
rylation experiments, acid quenching was performed with 0.5–2 vol-
umes of 25% (w/v) trichloroacetic acid containing 100 mM H3PO4. The
acid-precipitated protein was washed by centrifugation and subjected to
SDS-PAGE in a 7% polyacrylamide gel at pH 6.0 (28), and the radio-
activity associated with the separated Ca2�-ATPase band was quanti-
fied by imaging, using a Packard CycloneTM Storage Phosphor System.
Background phosphorylation levels, subtracted from all data points,
were usually determined in parallel experiments with control micro-
somes isolated from mock-transfected COS-1 cells. In some of the de-
phosphorylation experiments, the constant phosphorylation level
reached after the exponential decay was taken as background (usually
�5% of the initial phosphorylation).

To remove contaminant ADP and AMP, the non-radioactive ATP
added in millimolar concentration in dephosphorylation experiments
was purified by ion exchange chromatography on a Sephadex DEAE-
A25 column before use. By using an NADH-coupled spectrophotometric
assay with phosphoenolpyruvate, lactate dehydrogenase, and pyruvate
kinase, the purified ATP preparation was found to contain less ADP
than the detection limit of 0.1 mol %.

Assays for Nucleotide Binding—The synthesis of [�-32P]TNP-8N3-
ATP, the photolabeling of COS-1 cell microsomes containing wild-type
or mutant Ca2�-ATPase, the inhibition by ATP, and the quantification
of labeled bands by electronic autoradiography following SDS-PAGE
were carried out as described previously (5, 29). Generally, the concen-
tration of [�-32P]TNP-8N3-ATP was 3� K0.5 in the inhibition experi-
ments with ATP (where K0.5 is ligand concentration giving half-maxi-
mum effect). Details of the buffer composition are given in the legends.
CrATP-induced Ca2� occlusion was measured as described previously
(5, 30).

Calculations and Data Analysis—The ion concentrations in the re-
action buffers were calculated using the program WEBMAXC, available
on the World Wide Web, and the stability constants therein (31). Gen-
erally, experiments were conducted at least twice, and the complete set
of data was analyzed by nonlinear regression using the SigmaPlot
program (SPSS, Inc.). Monoexponential functions were fitted to the
phosphorylation and dephosphorylation time courses. The analysis of
ligand concentration dependences was based on the Hill equation,

�EL] � Etot � [L]n/�K0.5
n � [L]n� (Eq. 1)

For analysis of the [�-32P]TNP-8N3-ATP labeling data, a constant or
linear component was added to represent nonspecific labeling as de-
scribed (5), and the Hill coefficient was set to 1. The “true” dissociation
constant for ATP and MgATP binding was calculated using the previ-
ously validated equation for competitive inhibition of the [�-32P]TNP-
8N3-ATP labeling (5).

RESULTS

Mutagenesis and Expression—Nine Ca2�-ATPase constructs
with mutations of potential nucleotide-binding residues were

SCHEME 1. Ca2�-ATPase reaction cycle. Major conformational
changes and ligand binding and dissociation steps are shown. Boxed
ATP indicates steps for which the rate is enhanced by additional bind-
ing of ATP or MgATP that is not hydrolyzed (“modulatory ATP”).
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prepared in this study. Thr441, Glu442, and Lys515 were re-
placed individually with alanine. Cys561 was replaced with
alanine or tryptophan; Arg560 was replaced with leucine, va-
line, or glutamate; and Leu562 was replaced with phenylala-
nine. The latter substitution was chosen to test the importance
of the leucine for nucleotide binding by either introducing steric
hindrance at this position or possibly enhancing the affinity for
nucleotide by creating an aromatic “sandwich” for the adenine
ring with Phe487. All mutants could be expressed in COS-1 cells
at levels similar to that of the wild type (data not shown), allow-
ing studies of the overall function as well as the partial reactions
of the enzyme cycle. In addition, some supplementary studies of
partial reactions were carried out with previously constructed
mutants (5) with alterations to Phe487, Arg489, and Lys492.

Overview of Functional Effects—Fig. 1A shows ATP-driven
45Ca2� accumulation in microsomal vesicles measured in the
presence of oxalate to trap Ca2� in the lumen. The MgATP
concentration was 5 mM, i.e. several hundredfold higher than
required to saturate the phosphorylation reaction in wild type.
All the mutants were able to transport Ca2�, albeit at reduced
rates compared with wild type. The most significant reduction
was seen for mutant Arg560 3 Glu with a Ca2� transport rate
corresponding to 17% that of the wild type, whereas �80%
transport was obtained for the Cys561 mutants. The Ca2�

transport rates of the remaining six mutants were roughly half
(39–66%) that of wild type.

Fig. 1B shows the ATPase activity in the presence of 5 mM

MgATP without oxalate, in the absence and presence of the
calcium ionophore A23187. In the absence of ionophore (condi-
tions resulting in net Ca2� uptake in the vesicles), a similar
pattern was obtained for ATP hydrolysis as for Ca2� transport
(Fig. 1B, black columns), Arg560 3 Glu showing the most
marked reduction of turnover rate, the Cys561 mutants being
wild type like, and the remaining six mutants hydrolyzing ATP
at turnover rates of 40–58% as compared with wild type. The
good correlation between the turnover rate for ATP hydrolysis
and ATP-driven accumulation of Ca2� in the microsomes dem-
onstrates that the coupling between ATP hydrolysis and Ca2�

transport was retained in the mutants. Addition of calcium
ionophore A23187 to the reaction medium increased the rate of
ATP hydrolysis in the wild type 2–3-fold because of relief of the
“back inhibition” of the rate-limiting E1PCa23 E2P transition
imposed by Ca2� accumulated at high concentrations in the
microsomal vesicles. A similar increase was seen for Thr441 3
Ala, Glu442 3 Ala, Lys515 3 Ala, and the Cys561 mutants,
whereas for Leu562 3 Phe and the three Arg560 mutants the
ATPase activity remained essentially unaltered (Fig. 1B, gray
columns). The latter result implies that a reaction step other
than the E1PCa2 3 E2P transition is rate-limiting in the case
of Leu562 3 Phe and Arg560 mutants.

In the Ca2�-bound E1Ca2 state, the wild-type Ca2�-ATPase
forms a phosphoenzyme intermediate by reaction with MgATP
(cf. Scheme 1). Fig. 1C shows the results of experiments where
phosphorylation of Ca2�-saturated enzyme was carried out for
5 s at 25 °C with either 5 or 50 �M [�-32P]MgATP. For wild type,
the maximum steady-state phosphoenzyme level of �80% of
the total active-site concentration is close to being reached at 5
�M MgATP; also for the Cys561 mutants, there was not much
difference between 5 and 50 �M MgATP. By contrast, mutants
Thr441 3 Ala, Glu442 3 Ala, Lys515 3 Ala, and in particular
Arg560 3 Leu, Arg560 3 Val, and Leu562 3 Phe showed much
lower phosphoenzyme levels with 5 �M MgATP than with 50 �M

MgATP, indicating a markedly reduced apparent affinity for
the nucleotide, relative to wild type. Mutant Arg5603 Glu was
unable to phosphorylate significantly above the background
level at either concentration of MgATP (Fig. 1C).

MgATP Dependence and Time Course of Phosphorylation
from [�-32P]ATP—The MgATP concentration dependence of
phosphorylation was further investigated at 0 °C, where the
ATP hydrolysis rate was sufficiently low to allow the phospho-
rylation to be studied at submicromolar concentrations of the
substrate. As seen in Fig. 2A, a 10–120-fold reduction of
apparent affinity for MgATP (increase of K0.5) relative to

FIG. 1. Initial overview of ATP-driven Ca2� transport (A),
ATPase activity (B), and phosphorylation from ATP (C). A, meas-
urements of ATP-driven Ca2� transport were performed by filtration
following incubation for 5 min at 37 °C in a medium containing 20 mM

MOPS/Tris (pH 6.8), 100 mM KCl, 5 mM MgATP, 5 mM potassium
oxalate (included to trap Ca2� inside the microsomal vesicles), 0.5 mM

EGTA, and 0.45 mM 45CaCl2. The Ca2� transport activity of the wild
type was taken as 100%, and each mutant was related to this level
following correction for the variation in expression level. B, the rate of
Ca2�-activated ATP hydrolysis was determined at 37 °C in the presence
(gray bars) or absence (black bars) of 1 �M Ca2� ionophore A23187 in a
medium containing 50 mM TES/Tris (pH 7.0), 100 mM KCl, 7 mM MgCl2,
1 mM EGTA, 0.9 mM CaCl2 (giving a free Ca2� concentration of 3 �M),
and 5 mM ATP. Following subtraction of the background activity deter-
mined in the absence of Ca2�, the molecular activity (catalytic turnover
rate) shown was calculated as the amount of Pi liberated per Ca2�-
ATPase molecule/s. C, the phosphorylation with [�-32P]ATP was carried
out for 5 s at 25 °C in a medium containing 40 mM MOPS/Tris (pH 7.0),
80 mM KCl, 5 mM MgCl2, 100 �M CaCl2, and either 5 �M [�-32P]ATP
(gray bars) or 50 �M [�-32P]ATP (black bars). The phosphorylation level
of the wild type incubated in a medium containing 100 mM MES/Tris
(pH 6.0), 10 mM MgCl2, 2 mM EGTA, 30% (v/v) dimethyl sulfoxide, and
0.5 mM 32Pi for 10 min at 25 °C was taken as 100% (“active site concen-
tration”), and all other values were related to this level following cor-
rection for the variation in expression level. Standard errors are indi-
cated by the error bars on the columns.
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wild type was found for mutants Thr441 3 Ala, Glu442 3 Ala,
Lys515 3 Ala, and Leu562 3 Phe; and for mutants Arg560 3
Leu and Arg5603 Val, the K0.5 for MgATP was at least 3 orders
of magnitude lower than that of wild type.

Fig. 2B shows the time course of phosphorylation at 25 °C of
wild type and selected mutants determined by quench-flow
methodology in the presence of 5 �M [�-32P]MgATP under con-
ditions identical to those corresponding to Fig. 1C. Leu562 3
Phe and the three Arg560 mutants were not included in these
studies because their phosphorylation levels were too low to
allow reliable pre-steady-state measurements (cf. Fig. 1C). The
wild type reaches a steady-state level of phosphorylation
within a few hundred milliseconds, with a slight initial over-
shoot (Fig. 2B, cf. also Ref. 27). For simplicity, a monoexponen-
tial function was fitted to the data, giving an apparent rate
constant kobs � 60 s	1 for the approach to steady state. In
comparison, 5–12-fold lower kobs values were determined for
mutants Thr441 3 Ala, Glu442 3 Ala, and Lys515 3 Ala (Fig.
2B). The kobs value decreased in the same order as the apparent

MgATP affinity observed in Fig. 2A (Glu4423 Ala 
 Lys5153
Ala 
 Thr441 3 Ala).

MgATP Dependence of ATP Hydrolysis—For wild-type Ca2�-
ATPase, the MgATP activation profile of ATPase activity has a
complex appearance, because MgATP (or ATP) in addition to
being the phosphorylating substrate exerts modulatory effects
on various steps of the pump cycle, cf. Scheme 1 (8–16). The
basal activation to about 20% of the maximum activity occur-
ring at MgATP concentrations below 10 �M in wild type reflects
the binding of MgATP to the E1Ca2 form as phosphorylating
substrate. It can be seen in Fig. 3 that for mutant Leu5623 Phe
and the three Arg560 mutants, the basal activation was shifted
to much higher MgATP concentrations in agreement with the
data in Fig. 2A. Less drastic right-shifts of the basal activation
were observed for mutants Thr441 3 Ala, Glu442 3 Ala, and
Lys5153 Ala with plateau levels being reached at about 50 �M

MgATP, whereas the Cys561 mutants were wild type-like. At
least two secondary activation phases occur for the wild-type
enzyme, between 10 and 200 �M MgATP and at higher MgATP
concentrations, reflecting the accelerating effect of nucleotide
on partial reaction steps preceding and subsequent to phospho-
rylation (9, 10, 12–16). Fig. 3 shows that the Cys561 mutants
displayed a wild type-like secondary activation. For mutant
Leu562 3 Phe and the three Arg560 mutants, the severely
reduced ATPase activity prevented a clear distinction between
the basal and the intermediate modulatory phases (Fig. 3), but
a distinct low affinity activation phase similar to that of
the wild type is seen above 200 �M MgATP for Arg560 3 Leu,
Arg560 3 Val, and Leu562 3 Phe, as well as for Thr441 3 Ala,
Glu442 3 Ala, and Lys515 3 Ala, indicating that nucleotide
binding with low affinity accelerates at least one partial reac-

FIG. 2. MgATP concentration dependence (A) and time course
(B) of phosphorylation from ATP. A, wild type and mutants were
phosphorylated at 0 °C for 15 s in a medium containing 40 mM MOPS/
Tris (pH 7.0), 80 mM KCl, 5 mM MgCl2, 100 �M CaCl2, and varying
concentrations of [�-32P]ATP as indicated. The lines show the best fits
of the Hill equation with the Hill coefficient set to 1, giving the K0.5
values (in �M � S.E.) indicated in parentheses: open circles, wild type,
(0.067 � 0.005); open squares, Thr4413 Ala (6.2 � 0.6); open triangles,
Glu4423 Ala (0.72 � 0.06); reversed solid triangles, Lys5153 Ala (1.6 �
0.2); open diamonds, Arg560 3 Leu (

100); solid triangles, Arg560 3
Val (�100); and solid circles, Leu5623 Phe (8.1 � 1.4). The 100% value
corresponds to the phosphorylation level reached at infinite ATP con-
centration as deduced from the fit. B, phosphorylation was carried out
at 25 °C in a medium containing 40 mM MOPS/Tris (pH 7.0), 80 mM

KCl, 100 �M CaCl2, 5 mM MgCl2, and 5 �M [�-32P]ATP, and the samples
were acid-quenched at serial time intervals, using a Bio-Logic QFM-5
quench-flow module with mixing protocol as described previously (34).
In each case, the level of phosphorylation after 5 s was taken as 100%
(for a comparison of the specific phosphorylation levels of wild type and
mutants after 5 s, see Fig. 1C). The lines show the best fits of a
monoexponential function, giving the rate constants (in s	1 � S.E.)
indicated in parentheses: open circles, wild type (59.7 � 2.0); open
squares, Thr4413 Ala (5.3 � 0.6); open triangles, Glu4423 Ala (13.3 �
0.6); reversed solid triangles, Lys515 3 Ala (11.1 � 0.8).

FIG. 3. MgATP dependence of ATPase activity. The rate of ATP
hydrolysis was measured at 37 °C in a medium containing 50 mM

TES/Tris (pH 7.5), 100 mM KCl, 100 �M CaCl2, 1 �M Ca2� ionophore
A23187, and varying concentrations of Mg2� and ATP to give the
indicated MgATP concentrations and 1 mM free Mg2�. Following sub-
traction of the background activity determined in the absence of Ca2�

(presence of 1 mM EGTA without CaCl2), the catalytic turnover rate
shown was calculated as the amount of Pi liberated per Ca2�-ATPase
molecule/s. The symbols are as follows: open circles, wild type; reversed
open triangles, Cys561 3 Ala; solid squares, Cys561 3 Trp; solid trian-
gles, Arg560 3 Val; open diamonds, Arg560 3 Leu; solid diamonds,
Arg5603 Glu; open squares, Thr4413 Ala; open triangles, Glu4423 Ala;
reversed solid triangles, Lys515 3 Ala and solid circles, Leu562 3 Phe.
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tion in these mutants, although in contrast to the wild type the
activation profiles level off above 3 mM MgATP for Thr441 3
Ala, Glu4423 Ala, and Lys5153 Ala. Furthermore, taking into
consideration that the basal activation is shifted to higher
MgATP concentrations relative to wild type, the activation
occurring with intermediate affinity, between 10 and 200 �M

MgATP in wild type, seems to be less pronounced or right-
shifted in Thr4413 Ala, Glu4423 Ala, and Lys5153 Ala. This
is most obvious for Glu442 3 Ala, where the ATPase activity
was nearly constant between 50 and 200 �M MgATP (Fig. 3).

Acetyl Phosphate-driven Ca2� Uptake—As an alternative to
ATP, acetyl phosphate can be used as an energy source to drive
Ca2� transport into the microsomal vesicles (16). Fig. 4 shows
the time course for wild type and the mutants. For most mu-
tants, the decrease of the transport rate relative to wild type
was rather similar to the decrease seen for ATP-driven trans-
port at 5 mM MgATP (Fig. 1A), as also shown previously for
mutant Lys515 3 Ala (20), indicating that at high MgATP
concentration (Fig. 1, A and B) the limitation of the overall
reaction rate seen for the mutants is not imposed by binding
defects specific to the nucleotide, but rather by defects in other
partial reaction steps. Interestingly, mutant Leu5623 Phe is a
clear exception to this pattern. This mutant showed a markedly
reduced ATP-driven Ca2� transport (Fig. 1A) and ATPase ac-
tivity (Fig. 1B), but wild type-like acetyl phosphate-dependent
Ca2� transport (Fig. 4).

Ca2� Dependence—To examine whether a reduced affinity
for Ca2� could be involved in the observed effects of the muta-
tions on Ca2� transport and ATPase activity, we performed a
Ca2� titration of the ATPase activity. The Ca2� concentration
giving half-maximum activation of ATP hydrolysis was 0.33 �
0.01 �M for the wild type and 0.64 � 0.05, 0.41 � 0.02, 0.35 �
0.02, 0.33 � 0.02, 0.54 � 0.04, 0.38 � 0.02, 0.47 � 0.04, and
0.38 � 0.03 �M for Arg5603 Leu, Arg5603 Val, Cys5613 Ala,
Cys5613 Trp, Leu5623 Phe, Thr4413 Ala, Glu4423 Ala, and
Lys515 3 Ala, respectively (the K0.5 value was obtained by
fitting the Hill equation, � S.E., from the regression analysis,
data not shown). Thus, although significant alterations to Ca2�

binding are evident for mutants Arg560 3 Leu and Leu562 3
Phe, the mutants were 
80% saturated with Ca2� at the free
Ca2� concentration of 3 �M present during the experiments
corresponding to Fig. 1, A and B, and close to 100% saturated

at the higher free Ca2� concentrations present during the
experiments corresponding to Fig. 1C, Fig. 2, A and B, Fig. 3,
and Fig. 4. Hence, the observed effects of the mutations cannot
be ascribed to variable Ca2� saturation.

Nucleotide Binding—To examine the mutational effects on
nucleotide binding directly, we applied a photolabeling assay
that takes advantage of the highly specific labeling of Lys492

with [�-32P]TNP-8N3-ATP (5). In this assay, the affinities for
the free and Mg2�-bound forms of [�-32P]TNP-8N3-ATP are
determined from the dependence of photolabeling on the con-
centration of the label in the absence and presence of Mg2�,
respectively. By studying competitive inhibition of photolabel-
ing in the presence of varying concentrations of ATP and
MgATP (the latter often being referred to as the “true” sub-
strate (32)), it is also possible to obtain highly accurate values
for the KD corresponding to these nucleotides (5, 33, 34). Pho-
tolabeling is carried out in the absence of Ca2� to avoid phos-
phorylation of the Ca2�-ATPase and hydrolysis of the photola-
bel, and at pH 8.5 to reduce nonspecific labeling and ensure
that the predominant enzyme conformation is E1 (5). Results of
photolabeling experiments with the nine mutants in the ab-
sence and presence of Mg2� are summarized in Table I. Also
presented here for the first time are nucleotide-binding param-
eters in the absence of Mg2� for mutants Phe487 3 Leu,
Arg489 3 Leu, and Lys492 3 Tyr of the 487FSRDRK loop in
domain N. These latter mutants have only been analyzed pre-
viously in the presence of Mg2� (5). We have shown before (33,
34), and reproduced in Table I, that wild type exhibits a strik-
ing Mg2� dependence for both TNP-8N3-ATP and ATP binding;
Mg2� lowers the apparent affinity for the TNP-nucleotide and
increases (as much as 40-fold) that for ATP.

The two Cys561 mutants differed little from wild type in the
binding assays, whereas the remaining mutants showed inter-
esting differences from wild type (Table I). Examining the
interaction with TNP-8N3-ATP and TNP-8N3-MgATP first,
there were major changes relative to wild type in both labeling
efficiency and in the apparent affinity for the photolabel.
Lys5153 Ala and Arg5603 Glu showed no specific photolabel-
ing above the background level either in the absence or pres-
ence of Mg2�, and Arg560 3 Val could not be labeled in the
absence of Mg2�. Arg560 3 Leu and Arg560 3 Val showed
conspicuous �10-fold decreases, relative to wild type, of the
apparent affinity for the photolabel (i.e. increased K0.5) in the
presence of Mg2, whereas Thr441 3 Ala, Glu442 3 Ala, and
Leu562 3 Phe showed slight increases of the apparent affinity
(i.e. reduced K0.5). It is evident that Arg560 plays a major role in
binding the TNP-nucleotide in the presence of Mg2�. On the
other hand, Arg5603 Leu showed no significant deviation from
wild type in the absence of Mg2�. In Thr441 3 Ala, the ability
to respond to Mg2� with a reduced affinity for the TNP-nucle-
otide was lost; in the presence of Mg2� this mutant displayed
an affinity for the photolabel similar to or slightly higher than
that displayed in the absence of Mg2�, whereas in the wild type
Mg2� reduces the affinity for the photolabel. With respect to
the three mutants with alterations to residues of the
487FSRDRK loop, Arg489 3 Leu and Lys492 3 Tyr showed a
large decrease in affinity for the photolabel relative to wild type
in the absence of Mg2�, corresponding to 31- and 17-fold, re-
spectively, whereas Phe4873 Leu exhibited an increased affin-
ity. Evidently the two basic amino acid residues are critical for
binding the nucleotide in the absence of Mg2�.

Although the binding sites for ATP and TNP-8N3-ATP may
not be identical, there is sufficient overlap to ensure efficient
competition when ATP or MgATP is added at varying concen-
trations during photolabeling, and we have previously demon-
strated that the competition assay provides highly accurate

FIG. 4. Acetyl phosphate-driven Ca2� transport. Transport ac-
tivity of COS-1 cell microsomes was measured at 25 °C in 25 mM

MOPS/Tris (pH 6.8), 100 mM KCl, 5 mM MgCl2, 0.55 mM 45CaCl2, 0.5 mM

EGTA, 5 mM potassium oxalate, and 10 mM acetyl phosphate for the
times shown. The ordinate shows the amount of Ca2� accumulated per
mg of Ca2�-ATPase protein. The symbols are as follows: open circles,
wild type; open squares Thr441 3 Ala; open triangles, Glu442 3 Ala;
reversed solid triangles, Lys515 3 Ala; solid triangles, Arg560 3 Val;
open diamonds, Arg560 3 Leu; solid diamonds, Arg560 3 Glu; reversed
open triangles, Cys561 3 Ala; and solid circles, Leu562 3 Phe.
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values for the ATP and MgATP binding affinities of wild type
and mutant Ca2�-ATPases expressed in COS-1 cells (5). For
wild type, the true affinities (KD values) for MgATP and ATP
calculated under the assumption of competitive inhibition as
described previously (5) were found to be 0.51 and 21 �M,
respectively (Table I). Fig. 5 shows examples of the experimen-
tal data from which the KD values for ATP and MgATP in Table
I were derived, corresponding to Thr441 3 Ala, Glu442 3 Ala,
Arg560 3 Leu, and Leu562 3 Phe, with data for wild type (see
also Refs. 5 and 33) indicated by dashed lines without data
points. Because of the deficient photolabeling described above,
competition experiments could not be carried out for Lys515 3
Ala and Arg560 3 Glu. Mutation Arg560 3 Leu decreased the
affinity (i.e. increased KD) for MgATP more than 1000-fold,
whereas mutations Cys561 3 Ala and Cys561 3 Trp had little
effect, as mentioned above. A decrease of affinity for MgATP of
40-fold relative to wild type was seen for Arg5603 Val, and as
much as 70–180-fold for Thr441 3 Ala, Glu442 3 Ala, and
Leu562 3 Phe. In the absence of Mg2�, Arg560 3 Leu still
showed a conspicuous 30-fold decrease of affinity for ATP,
whereas for Thr4413 Ala, Glu4423 Ala, and Leu5623 Phe, the
affinity for ATP was only 2–5-fold reduced relative to wild type.

In the case of the 487FSRDRK mutants, Arg489 3 Leu and
Lys492 3 Tyr showed extremely poor binding of ATP in the
absence of Mg2�, reproducing what was found for the TNP-
nucleotide. For Phe487 3 Leu the changes in the presence and
absence of Mg2� were rather similar, 10–20-fold reduced affin-
ity compared with wild type.

For Thr441 3 Ala and Arg560 3 Leu, competition studies
were also carried out with ADP. For wild type, the KD values
for ADP in the presence and absence of Mg2� were 4 and 28 �M,
respectively. For both Thr441 3 Ala and Arg560 3 Leu, there
were pronounced decreases in affinity for ADP as well as
MgADP (8- and 
100-fold, respectively, for ADP, and �30- and
�200-fold, respectively, for MgADP).

CrATP-induced Ca2� Occlusion—The conspicuous effects
found in the above-described experiments testing the nucleo-
tide-binding properties of the mutants, and the uncertainty
with respect to Lys515 3 Ala, because it could not be photo-
labeled with TNP-8N3-ATP, encouraged us to study, as an

alternative, the binding of another nucleotide, the non-phos-
phorylating �,�-bidentate chromium(III) complex of ATP
(“CrATP”). In the wild type, CrATP binds with relatively low

FIG. 5. Binding of ATP determined by inhibition of TNP-8N3-
ATP photolabeling in the presence (closed symbols) or absence
(open symbols) of Mg2�. Examples of data for Thr4413 Ala (squares),
Glu442 3 Ala (triangles), Arg560 3 Leu (diamonds), and Leu562 3 Phe
(circles) are shown together with the best fits to the data for the
expressed wild type obtained in the presence and absence of Mg2� (short
dashed and long dashed lines, respectively) (5, 33). Photolabeling was
performed in 25 mM EPPS/TMAH (pH 8.5), 20% (v/v) glycerol at a
[�-32P]TNP-8N3-ATP concentration of 3� K0.5 and the indicated con-
centrations of ATP with either 1 mM MgCl2 and 0.5 mM EGTA (presence
of Mg2�) or 2 mM EDTA (absence of Mg2�). The lines show the best fits
to the data of the equations described under “Experimental Proce-
dures.” Table I lists KD values derived in this way.

TABLE I
Nucleotide binding parameters in the presence and absence of Mg2�

Photolabeling with [�-32P]TNP-8N3-ATP was carried out as described in Ref. 5 and competition with ATP/MgATP as described in Ref. 5 and
illustrated in Fig. 5. The parameters shown were derived from analysis of the data as described for Fig. 5 and under “Experimental Procedures.”

Mg2�/EGTAa EDTAb

K0.5
(TNP-8N3-MgATP)

KD
(MgATP)c

KD
(MgADP)c

K0.5
(TNP-8N3-ATP)

KD
(ATP)c

KD
(ADP)c

�M �M

Wild type 0.79 0.51 3.7 0.20 21 28

Thr441 3 Ala 0.22 62 104 0.31 73 221
Glu442 3 Ala 0.46 92 0.090 100
Lys515 3 Ala No specific labeling
Arg560 3 Leu 9.9 880 700 0.26 630 
2500
Arg560 3 Val 7.8 21 No specific labeling
Arg560 3 Glu No specific labeling
Cys561 3 Ala 0.52 0.98 0.18 16
Cys561 3 Trp 1.0 1.3 0.22 18
Leu562 3 Phe 0.20 35 0.093 43

Phe487 3 Leu 0.34d 11d 0.040 250
Arg489 3 Leu 0.67d 8.1d 6.2 
1000
Lys492 3 Tyr 0.28d 49d 3.4 
1000

a Medium: 25 mM EPPS/TMAH (pH 8.5), 20% (v/v) glycerol, 1 mM MgCl2, 0.5 mM EGTA.
b Medium: 25 mM EPPS/TMAH (pH 8.5), 20% (v/v) glycerol, 2 mM EDTA.
c The “true” KD calculated from the measured K0.5 values under the assumption of competitive inhibition as described previously (5). In the

inhibition experiments, the concentration of [�-32P]TNP-8N3-ATP was 3 � K0.5, except for mutants Arg5603 Leu and Arg5603 Val in the presence
of Mg2� and EGTA, and Arg489 3 Leu in the presence of EDTA, where it was equal to the K0.5.

d Data from Ref. 5 included for comparison.
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affinity, forming a very stable complex with the enzyme, in
which Ca2� is “occluded” at the transmembranous high affinity
Ca2� sites (30, 35). The high stability of the Ca2�-occluded
CrATP-enzyme complex upon removal of free CrATP from the
medium (35) makes it feasible to quantify the complex by
size-exclusion chromatography of detergent-solubilized micro-
somal protein following incubation with CrATP in the presence
of radioactive 45Ca2�, and we have previously demonstrated a
correlation between deficient CrATP-induced 45Ca2� occlusion
and defective ATP binding in mutants of the Ca2�-ATPase (5,
33). Because the Ca2� titration of ATPase activity described
above indicated that all the mutant enzymes bind Ca2� with an
affinity similar or close to that of wild type, the Ca2� sites are
saturated at the 45Ca2� concentration of 40 �M used here, and
the amount of 45Ca2� occluded should, therefore, reflect the
ability to bind CrATP. Fig. 6 shows 45Ca2� elution profiles
obtained for wild type and selected mutants, as well as for
control microsomes harvested from cells transfected with the
expression vector without insert. For wild type, a distinct peak
is seen at 14–15 min of retention time, corresponding to the
elution of Ca2�-ATPase, whereas the control only shows a
rather broad peak extending between 10 and 16 min of reten-
tion time. The difference between the test and control curves at
14–15 min of retention time provides a measure of 45Ca2�

bound in the occluded state in the Ca2�-ATPase. For mutant

Thr4413 Ala, a minor peak of radioactivity was evident at the
position corresponding to Ca2�-ATPase, indicating partial, but
extremely reduced, formation of the Ca2�-occluded CrATP-
enzyme complex in the present incubation conditions. No such
peak was obtained in experiments performed with mutants
Glu442 3 Ala, Lys515 3 Ala, Arg560 3 Leu, and Leu562 3 Phe
(Fig. 6), or with Arg560 3 Val and Arg560 3 Glu (data not
shown). For the Cys561 mutants, the 45Ca2� peak correspond-
ing to Ca2�-ATPase was similar to that seen for wild type (data
not shown). Thus, the effects of the mutations on formation of
the Ca2�-occluded CrATP-enzyme complex are in accordance
with the effects on MgATP binding described above, and
Lys515 3 Ala is clearly included among the mutants showing
defective nucleotide binding.

The E1PCa2 to E2P Conformational Transition—To examine
the effects of the mutations on the E1PCa2 3 E2P transition,
we determined the rate of decay of phosphoenzyme under con-
ditions (0 °C, presence of K�, and neutral pH) where the
E1PCa2 3 E2P transition is rather slow and, thus, rate-limit-
ing for the dephosphorylation, whereas the subsequent hydrol-
ysis of E2P (Scheme 1) is relatively rapid. The phosphorylation
by [�-32P]MgATP was terminated by addition of an excess of
EGTA (to remove Ca2�). As seen in Fig. 7 and Table II (column
marked “EGTA,” i.e. no addition of non-labeled MgATP), the
rate of phosphoenzyme decay was reduced as much as 6–8-fold
relative to wild type, for mutants Thr441 3 Ala, Glu442 3 Ala,
and Lys5153 Ala. Leu5623 Phe deviated much less from wild
type. Among the Arg560 mutants, only Arg560 3 Val could be
examined, because of the very low phosphorylation levels ob-

FIG. 6. CrATP-dependent Ca2� occlusion. Wild-type or mutant
Ca2�-ATPase expressed in COS-1 cell microsomes was incubated for 1 h
at 37 °C in 50 mM TES/Tris (pH 7.0), 100 mM NaCl, 5 mM MgCl2, 40 �M
45CaCl2, and 1 mM CrATP. At the end of the incubation period, the
membranes were solubilized by addition of 5 mg/ml of the non-ionic
detergent C12E8. Following centrifugation, the supernatant was sub-
jected to size-exclusion high pressure liquid chromatography as de-
scribed previously (5). The elution buffer contained 50 mM TES/Tris (pH
7.0), 100 mM NaCl, 10 mM MgCl2, 1.5 mM CaCl2, 1 mM EGTA, and 2
mg/ml C12E8. The solid circles show the radioactivity in collected frac-
tions. The result of a control experiment with microsomes harvested
from cells transfected with the expression vector without insert is
indicated by the thin line without data points. The difference between
the test and control curves at 14–15 min of retention time, correspond-
ing to the elution of Ca2�-ATPase, provides a measure of the occluded
45Ca2�. The amount of mutant Ca2�-ATPase protein applied to the
column was roughly equivalent to the amount of wild type (�30%, due
to variation of the expression level, as determined by enzyme-linked
immunosorbent assay).

FIG. 7. Dephosphorylation at 0 °C of phosphoenzyme formed
from ATP. Phosphorylation was performed for 15 s at 0 °C in a medium
containing 40 mM MOPS/Tris (pH 7.0), 80 mM KCl, 5 mM MgCl2, 1 mM

EGTA, 0.955 mM CaCl2 (giving a free Ca2� concentration during phos-
phorylation of 10 �M), 10 �M calcium ionophore A23187, and 5 �M

[�-32P]ATP (50 �M in case of Arg5603 Val, because of its low affinity, cf.
Fig. 2A). To measure dephosphorylation, the phosphoenzyme was
chased by addition of 10 mM EGTA (solid triangles), 10 mM EGTA with
1 mM non-radioactive MgATP (open circles), or 10 mM EGTA with 5 mM

non-radioactive MgATP (solid circles), and acid quenching was per-
formed at the indicated time intervals. The lines show the best fits of a
monoexponential decay function; the rate constants are listed in
Table II.
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tained with the other two Arg560 mutants at 0 °C. It appears
from Fig. 7 and Table II that Arg560 3 Val showed a unique
2-fold enhancement of the rate of phosphoenzyme decay, rela-
tive to wild type.

To test the low affinity modulatory effect of the nucleotide on
the E1PCa2 3 E2P transition (cf. Scheme 1, boxed ATP), the
dephosphorylation was also examined at 1 and 5 mM non-
labeled MgATP added with EGTA. It can be seen in Fig. 7 and
Table II that the nucleotide induced a significant enhancement
of the dephosphorylation rate in the wild type as well as the
mutants. Both in wild type and in Thr4413 Ala, Glu4423 Ala,
Lys515 3 Ala, Arg560 3 Val, and Leu562 3 Phe the rate con-
stant observed at 5 mM MgATP was roughly 2-fold higher than
that observed at 1 mM MgATP, which is surprisingly consistent
with the increase of ATPase activity in this concentration
range (Fig. 3), taking into account the different temperatures
under which these experiments were carried out.

Table II also shows the results of similar measurements
performed with mutants Phe487 3 Leu, Arg489 3 Leu, and
Lys492 3 Leu, whose MgATP and ATP affinities at the sub-
strate site were reported in the previous paper (5) and in Table
I of the present paper, respectively. Lys492 3 Leu showed a
conspicuous 6-fold slowing of the phosphoenzyme decay ob-
served upon EGTA addition, whereas only small differences
from wild type were seen for Phe487 3 Leu and Arg489 3 Leu.
For all 3 mutants, there was a substantial modulatory effect of
millimolar MgATP, although slightly less pronounced than for
the wild type and the above-described mutants (1.4–1.6-fold
enhancement from 1 to 5 mM MgATP).

ADP Sensitivity of the Phosphoenzyme—The two phosphoen-
zyme intermediates E1PCa2 and E2P can normally be distin-
guished by their different sensitivity to ADP. E1PCa2 is ADP-
sensitive, i.e. able to donate the phosphoryl group back to ADP,
forming ATP, whereas E2P is insensitive to ADP and dephos-
phorylates only by hydrolysis. To test the ADP sensitivity, 1
mM ADP was added following phosphorylation under the same
conditions as described for Fig. 7. This resulted in almost
complete dephosphorylation of wild type within 5 s, demon-
strating accumulation of the E1PCa2 form of the phosphoen-
zyme, and similar effects of ADP were seen for all the mutants
studied except Arg560 3 Val, for which as much as 24% phos-

phoenzyme remained after the 5-s incubation with ADP (Table
II), indicating a significantly reduced sensitivity to ADP. This
could be the result of accumulation of E2P, as a consequence of
the enhancement of the E1PCa2 3 E2P transition reported
above. Alternatively, the reduced ADP sensitivity reflects a
lowered affinity of the E1PCa2 form for ADP. This would be in
keeping with the very pronounced decrease in affinity for
MgADP and ADP shown above for Arg560 3 Leu (Table I).

Properties of the E2P Phosphoenzyme—The E2P phosphoen-
zyme can be formed by “backward” phosphorylation with inor-
ganic phosphate of the E2 state in the absence of Ca2� and
presence of Mg2� (cf. Scheme 1). Fig. 8 shows the phosphoryl-
ation at varying concentrations of 32Pi under conditions opti-
mal for stabilization of the E2P phosphoenzyme (acidic pH,
presence of the organic solvent dimethyl sulfoxide, and absence
of alkali metal ions). The concentration of Pi giving half-maxi-
mum phosphorylation is close to 10 �M for wild type. Signifi-
cantly reduced apparent affinity (increased K0.5) for Pi was
seen for Glu442 3 Ala and Lys515 3 Ala (5- and 2.5-fold,
respectively), whereas Arg5603 Leu and Arg5603 Val showed
2-fold increased apparent affinity for Pi. Minor shifts were also
seen for mutants Thr4413 Ala and Cys5613 Ala (K0.5 1.5-fold
increased and 1.5-fold decreased, respectively), whereas
mutants Arg560 3 Glu and Leu562 3 Phe (Fig. 8), as well as
Cys561 3 Trp (not shown), were indistinguishable from wild
type. It is important to stress here that because the K0.5 is a
function of several kinetic constants, it should not necessarily
correlate with the true dissociation constant, KD, describing the
non-covalent enzyme-Pi complex (E2�Pi in Scheme 1). As dis-
cussed previously (34), the respective rate constants, k2 and
k	2, for formation and hydrolysis of the covalent bond in E2P
may be important as well. To study k	2, the wild type and
selected mutants were phosphorylated under optimal condi-
tions for formation of the E2P phosphoenzyme, followed by
dilution at 25 °C into a medium of the same composition except
for the absence of radioactively labeled Pi, a reduction of the
dimethyl sulfoxide concentration from 30 to 15%, and the pres-
ence of excess EDTA to remove free Mg2� and thus terminate
phosphorylation (Fig. 9 and Table II). It should be noted that
because of the acidic pH, absence of K�, and presence of 15%
dimethyl sulfoxide, the rate of dephosphorylation of E2P is

TABLE II
Dephosphorylation of phosphoenzyme formed from [�-32P]ATP or 32Pi

Formation of E1PCa2 from [�-32P]ATP at 0 °C or of E2P from 32Pi at 25 °C, and subsequent chase of the phosphoenzyme with dephosphorylation
buffer containing excess EGTA (to terminate phosphorylation from [�-32P]ATP by removal of Ca2�) or excess EDTA (to terminate phosphorylation
from 32Pi by removal of Mg2�) and varying amounts of non-radioactive MgATP or ATP as indicated, was carried out as described in the legends
to Figs. 7 and 9. A monoexponential decay function was fitted to the data, and the rate constant (kdephos) is shown. ADP sensitivity was tested on
phosphoenzyme formed from [�-32P]ATP by addition of 1 mM ADP with 10 mM EGTA (final concentrations), and the fraction of the phosphoenzyme
remaining after 5 s (“EP”) is shown.

E1PCa2 3 E2 (kdephos)
E1PCa2 3 E1, 1 mM ADP,

EP remaining after 5 s

E2P 3 E2 (kdephos)

EGTA � 1 mM
MgATP

� 5 mM
MgATP EDTA � 1 mM

ATP

min	1 % min	1

Wild type 3.9 8.3 13.8 2.9 1.9 3.7

Thr441 3 Ala 0.5 1.8 3.4 7.6 2.6 5.6
Glu442 3 Ala 0.6 1.2 2.4 3.5 10.2 17.4
Lys515 3 Ala 0.7 1.4 2.7 4.5 6.8 10.3
Arg560 3 Leua 1.5 3.9
Arg560 3 Val 7.9 10.6 20.4 24.1 1.7 5.0
Arg560 3 Glua 9.8 17.4
Leu562 3 Phe 2.4 4.2 8.7 4.3 2.3 4.9

Phe487 3 Sera 2.6 4.4
Phe487 3Leu 2.6 3.1 5.1 2.9 3.0 6.9
Arg489 3 Leu 4.7 7.4 11.7 8.7 3.1 5.7
Lys492 3 Leu 0.7 1.4 1.9 3.3 4.7 8.8

a Only studies of E2P 3 E2 of Pi-phosphorylated enzyme were carried out with these mutants due to the low level of phosphoenzyme formed
from ATP.
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much slower than under physiological conditions. For mutants
Glu4423 Ala and Lys5153 Ala, the reduced apparent affinities
for Pi (Fig. 8) were well accounted for by significantly increased
rates of E2P hydrolysis (5- and 3.5-fold, respectively). A similar
increase was noted for Lys492 3 Leu (Table II). For mutant
Thr4413 Ala, a slightly (1.4-fold) increased rate of E2P hydrol-
ysis (Fig. 9) explains the 1.5-fold increased K0.5 (Fig. 8).
Leu5623 Phe, Phe4873 Ser, Phe4873 Leu, and Arg4893 Leu
also showed slight increases of the rate of E2P hydrolysis, and
the Cys561 mutants (data not shown) were indistinguishable
from wild type. Interestingly, mutant Arg560 3 Glu showed a
conspicuous 5-fold increase of the rate of E2P hydrolysis (Fig.
9), despite its wild type-like apparent affinity for Pi (Fig. 8). In
analogy with this discrepancy, mutants Arg560 3 Leu and
Arg560 3 Val showed wild type-like rates of E2P hydrolysis
(Fig. 9), but 2-fold increased apparent affinities for Pi (Fig. 8).
Thus, for the Arg560 mutants, an increase of the true affinity for
Pi (KD) or an increased rate constant for formation of the
covalent bond in E2P (k2) must contribute to the change (and
lack thereof) in the apparent affinity for Pi.

Fig. 9 and Table II furthermore show that inclusion of 1 mM

ATP enhanced the dephosphorylation of E2P close to 2-fold in
the wild type and all the mutants studied, thus indicating that
the modulatory effect of ATP on this partial reaction step (cf.
boxed ATP in Scheme 1) is as unaffected by the mutations as
the low affinity modulatory effect on the E1PCa2 3 E2P tran-
sition described above. Because the modulation of E2P 3 E2

has been ascribed to metal-free ATP rather than the MgATP
complex (14), it is important to note here that when ATP was
included in the assay for dephosphorylation of E2P, the ATP
was present in the metal-free form as a consequence of the
co-addition of excess EDTA, unlike the assay for the E1PCa23
E2P transition described above, where the major fraction of the
ATP was present as MgATP.

Reaction of Lys515 with FITC—FITC is a potent inhibitor of
Ca2�-ATPase activity (2) and acts by specific covalent attach-
ment to Lys515 (3), blocking high affinity ATP binding (2). The
specificity of the reaction is mainly due to a high affinity of
FITC for the nucleotide site rather than an unusual high reac-
tivity of Lys515 (36). Because the side chains of Lys515 and
Glu442 are in close proximity, facing each other in the crystal
structure of the Ca2�-ATPase (1), we considered that function-
ally important interaction between them might occur in the
native enzyme and that this might be revealed by testing the
effect of the Glu442 3 Ala mutation on the reactivity of Lys515

toward FITC. The kinetics of the reaction of FITC with wild
type and mutant Glu442 3 Ala is shown in Fig. 10A. The
reaction was monitored by taking advantage of the inhibition of
[�-32P]TNP-8N3-ATP photolabeling by FITC binding. At 2 �M

FITC, the half-time for the reaction of wild type with FITC was
�2 min. In contrast, the reaction of mutant Glu442 3 Ala was
too fast to measure, being completed in less than 15 s. At 0.2 �M

FIG. 8. Phosphorylation from Pi. Wild type and mutants were
phosphorylated at 25 °C for 10 min in a medium containing 100 mM

MES/Tris (pH 6.0), 2 mM EGTA, 30% (v/v) dimethyl sulfoxide, 10 mM

MgCl2, and varying concentrations of 32Pi as indicated. The lines show
the best fits of the Hill equation with the Hill coefficient set to 1, giving
the K0.5 values (in �M � S.E.) indicated in parentheses: open circles, wild
type (10.5 � 0.6); open squares, Thr441 3 Ala (16.4 � 1.5); open trian-
gles, Glu442 3 Ala (52.8 � 8.2); reversed solid triangles, Lys515 3 Ala
(27.5 � 5.2); open diamonds, Arg560 3 Leu (4.8 � 0.4); solid triangles,
Arg560 3 Val (5.0 � 0.4); solid diamonds, Arg560 3 Glu (9.0 � 1.0);
reversed open triangles, Cys561 3 Ala (6.9 � 0.4); and solid circles,
Leu562 3 Phe (10.6 � 0.9). The 100% value corresponds to the phos-
phorylation level reached at infinite Pi concentration as deduced from
the fit.

FIG. 9. Dephosphorylation of phosphoenzyme formed from Pi.
Wild type and mutants were phosphorylated at 25 °C for 10 min in a
medium containing 100 mM MES/Tris (pH 6.0), 2 mM EGTA, 30% (v/v)
dimethyl sulfoxide, 10 mM MgCl2, and 0.5 mM 32Pi. Dephosphorylation
was studied at 25 °C by a 19-fold dilution into a medium containing
EDTA (to remove free Mg2�) corresponding to a final concentration of
10 mM, 100 mM MES/Tris (pH 6.0), 2 mM EGTA, 15% (v/v) dimethyl
sulfoxide, 0.5 mM non-radioactive Pi, without (open circles) or with
(solid circles) 1 mM ATP, followed by acid quenching at serial time
intervals. The lines show the best fits of a monoexponential decay
function; the rate constants are listed in Table II.

Importance of N-domain Residues of SR Ca2�-ATPase 20253

 at U
N

IV
E

R
SIT

Y
 O

F C
A

PE
 T

O
W

N
 on O

ctober 30, 2019
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


FITC, the kinetics of the mutant resembled that of the wild
type at 2 �M (Fig. 10A). The rapid reaction with FITC seen for
the mutant could either be due to an increased binding affinity
of the mutant enzyme for FITC or a true increase in the rate
constant for the covalent reaction. Note that the concentration
of FITC during the reaction was much lower than the KD for
FITC binding (70 �M according to Ref. 36, also see below for the
value of fluorescein), meaning that an increase in affinity, and
proportion of bound FITC, could have a significant effect on the
kinetics. To distinguish between these two possibilities, we
determined whether the mutation altered the affinity for fluo-
rescein, which is similar to FITC except it lacks the reactive
isothiocyanate group. The isothiocyanate group, however, is
unlikely to contribute significantly to the binding energy as it is
involved in the chemical reaction. As for FITC, the binding of
fluorescein was measured through the competitive inhibition of
photolabeling, and the results are shown in Fig 10B. At two
different concentrations of [�-32P]TNP-8N3-ATP, the KD values

for fluorescein binding to wild type and mutant Glu442 3 Ala
were similar, the average values being 47 and 34 �M, respec-
tively (see figure legend). Hence, the effect of the mutation on
the reaction with FITC must be largely due to an increase in
the rate constant corresponding to the covalent reaction.

DISCUSSION

In this study, we show for the first time, using a direct
binding assay, that amino acids Thr441 and Glu442 of the
441TETAL helix and Lys515, Arg560, and Leu562 of two central
�-strands, all in domain N, are crucial to MgATP binding at the
substrate site. Subsequent catalytic steps were also affected by
the mutations. Arg560 seems to play a critical role in optimizing
the rate of phosphoryl transfer from the substrate to Asp351,
and the Arg5603 Val mutation furthermore enhanced the rate
of the Ca2�-translocating E1PCa2 3 E2P conformational tran-
sition, whereas this transition was slowed substantially by
alteration to Thr441, Glu442, Lys515, or Lys492. Moreover, some
of the mutations influenced the hydrolysis of E2P. On the other
hand, none of the residues examined seems very important for
the binding of modulatory nucleotide to the phosphoenzyme.

The crystal structure of the Ca2�-ATPase has revealed that
domain N is composed of a seven-stranded anti-parallel �-sheet
arranged as a half-barrel wrapped around two central helices,
with sequences 407FDGLVELATICALCN421 and 441TETALT-
TLVEKMN453 (helices labeled A and B, respectively, in Fig.
11). The �-sheet is made up of two sections; one is linked to two
hinge segments, incorporating Asp601 and Asn359 leading to
and from domain P. The inner edge/strand of this portion of the
sheet is made up of segment 560RCLALA. The second part of
the sheet, incorporating segments 487FSRDRK and 515KGAPE,

FIG. 10. Kinetics of FITC reaction (A) and concentration de-
pendence of fluorescein binding (B) to wild type and mutant
Glu442 3 Ala as determined by inhibition of TNP-8N3-ATP pho-
tolabeling. A, the FITC reaction (open symbols) with wild type (dia-
monds) or mutant Glu4423 Ala (triangles and squares) was performed
in 25 mM ammonium bicarbonate, pH 7.8, 1 mM MgCl2, 0.5 mM EDTA,
0.3 M sucrose, 0.2 (squares) or 2 (diamonds and triangles) �M FITC, and
10–15 pmol/ml Ca2�-ATPase. Controls (solid symbols) did not contain
FITC. The reaction was terminated at the time intervals shown, by
diluting aliquots 4.2-fold into ice-cold irradiation medium to yield final
concentrations of 25 mM EPPS/TMAH, pH 8.5, 1.24 mM MgCl2, 0.5 mM

EGTA, 0.12 mM EDTA, 20% (v/v) glycerol, 2 �M [�-32P]TNP-8N3-ATP,
and 2.4–3.6 pmol/ml Ca2�-ATPase. The suspensions were irradiated for
1 min, the protein solubilized and subjected to SDS-PAGE, and the
relevant bands quantified. B, inhibition of [�-32P]TNP-8N3-ATP photo-
labeling by fluorescein in wild type (circles) and mutant Glu442 3 Ala
(triangles) as described for MgATP in the legend to Fig. 5. The concen-
trations of [�-32P]TNP-8N3-ATP were close to the K0.5 (0.79 �M for wild
type, 0.46 �M for mutant Glu4423 Ala, cf. Table I) (solid symbols) or to
0.25� K0.5 (open symbols). The lines show the best fits using the Hill
equation. Average true KD values for fluorescein binding of 47 �M and
34 �M for wild type and Glu442 3 Ala, respectively, were derived from
the K0.5 values at the two concentrations of photolabel using the com-
petitive binding equation provided in Ref. 5.

FIG. 11. Positions of key residues discussed, in the E1Ca2 crys-
tal structure of the Ca2�-ATPase. The view is down toward the
membrane from the cytoplasmic side. Carbon atoms are shown in gray,
nitrogen in blue, oxygen in red, sulfur in yellow, and phosphorus in
orange. Schematic representations of �-helices and �-strands are shown
in red and cyan, respectively. Residues discussed in the text are labeled.
An ATP molecule in a conformation that could fit into the nucleotide-
binding site is depicted in the top-left corner. N, nucleotide-binding
domain; P, phosphorylation domain. Helices labeled A and B indicate
the two central N-domain helices with sequences 407FDGLVELATI-
CALCN421 and 441TETALTTLVEKMN453, respectively. Prepared by use
of WebLab Viewer Pro (Molecular Simulations Ltd., Cambridge,
England), using the atomic coordinates obtained from the Protein Data
Bank under accession code 1EUL (1).
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protrudes from the domain. Our results here, in conjunction
with a previous study (5), support the hypothesis that the
MgATP high affinity binding site is composed of elements of
441TETAL, 487FSRDRK, 515KGAPE, and 560RCLALA. The ad-
enine five-membered ring could fit in the gap between the side
chains of Phe487 and Leu562 (cf. Fig. 11), such that, depending
on the orientation, the 8- or 2-position of the base faces Lys492,
in the former case accounting for the photolabeling of this
residue with TNP-8N3-ATP. Glu442 and Lys515 are buried deep
in the binding pocket and may interact with the six-membered
ring of the adenine moiety. The fact that even the bulky tryp-
tophan replacement of Cys561 was without much influence on
nucleotide binding supports these ideas, as Cys561 points away
from the putative binding pocket formed by the critical resi-
dues. The bound nucleotide would link the structural elements
of the nucleotide-binding site in a manner that could stabilize
a closer interaction, as part of the nucleotide-induced confor-
mational change previously detected (37–40).

Thr441, Glu442, and Leu562 cluster together in the binding
pocket, and the consequences of mutations here for nucleotide
binding were rather similar (Table I). MgATP binding was
strongly disturbed (70–180-fold increase of KD), whereas the
affinity for uncomplexed ATP was much less affected (only
2–5-fold increase of KD). The resulting affinities for ATP and
MgATP were very similar, thus demonstrating that these mu-
tants are rather insensitive to Mg2�. For Thr4413 Ala, the KD

values for ADP and MgADP also differed significantly less
(�2-fold) as compared with wild type (�7-fold). Furthermore,
the ability to respond to Mg2� with a reduced affinity for the
TNP-nucleotide was lost in Thr4413 Ala. One possible cause of
these effects is interference with the interaction between the
protein and the Mg2� ion complexed by the nucleotide, imply-
ing that at least Thr441 could be a Mg2�-ligating residue in the
initial encounter of the nucleotide with the binding site. This
possibility is consistent with recent evidence from Fe2�-cata-
lyzed oxidation, suggesting that the metal ion of FeATP inter-
acts close to Thr441 in the Ca2�-ATPase and in the Na�,K�-
ATPase close to the residue equivalent to Glu439 (41, 42).
Interestingly, mutations of Thr353 in domain P are also more
detrimental to MgATP binding as compared with ATP binding,
and in some non-ATPase members of the family of aspartyl
phosphate-utilizing phosphohydrolases and phosphotrans-
ferases the residue equivalent to Thr353 of the Ca2�-ATPase
has been shown to be involved in Mg2� ligation (see Ref. 34 and
references therein). On the basis of the crystal structure (Fig.
11), it is not unrealistic to think that upon nucleotide binding
the Thr441/Glu442/Leu562 cluster could come close to Thr353 or
that the Mg2� ion initially complexed with ATP could move
from a site near Thr441 to a site involving Thr353. As an alter-
native, the preferential loss of affinity for the Mg2�-complexed
forms of ATP and ADP seen for Thr441 3 Ala, Glu442 3 Ala,
and Leu5623 Phe could be explained without having to assume
a direct interaction with Mg2�, if these residues interact only
with the nucleotide per se, and the Mg2� ion complexed by the
nucleotide assists the docking of the phosphoryl part in domain
P in such a way that it changes the position of the rest of the
nucleotide and, thus, its interaction with the mutated residues.
Thereby, the contributions of these residues to the binding
energy would depend on Mg2�. In other words, the site binding
ATP differs somewhat from the binding site for the MgATP
complex.

In contrast to the above-mentioned mutants, pronounced
effects on nucleotide binding in the absence of Mg2� were seen
for mutants Arg489 3 Leu and Lys492 3 Tyr (Table I). In this
connection, it is interesting to note that Lys492 is cross-linked
to Arg678 in domain P by glutaraldehyde in what is likely to be

a zero distance linkage (43), and the clustering of the three
positive charges of Arg489, Lys492, and Arg678 could make in-
teraction with phosphates energetically very favorable. This is
also where decavanadate binds (1, 44). Thus, at least in the
absence of Mg2�, parts of the phosphate chain could interact
with these basic residues.

Mutation of Arg560 to leucine was shown to be detrimental
both to ATP and ADP binding, in the absence as well as in the
presence of Mg2� (Table I). The very large effects of the
Arg5603 Leu mutation on ADP and MgADP binding support a
role for the positive charge of the guanidino group of Arg560 in
interaction with the �-phosphoryl, the �-phosphoryl, ribose, or
adenine. Neither of these possibilities can be excluded on the
basis of the two published crystal structures of the enzyme.
Modeling of MgATP into the structure of the E2 form with
bound thapsigargin, bringing the Mg2� ion complexed between
the �- and �-phosphates of ATP close to the side-chain oxygens
of Thr441 and Glu442, suggested contribution of Arg560 to liga-
tion of adenine (41). In E1Ca2 crystals soaked with TNP-AMP
(1), Arg560 is pointing toward the TNP moiety, suggesting that
Arg560 could be interacting with the 2�- and/or 3�-hydroxyl of
the ribose in ATP. Our data on TNP-nucleotide binding to
Arg560 mutants in the presence of Mg2� are compatible with
the interaction between the TNP moiety and Arg560 observed in
the crystals, in the presence of Mg2�. Rather surprisingly, in
Arg560 3 Leu, the binding of TNP-8N3-ATP was hardly dis-
turbed in the absence of Mg2�. Hence, Arg560 is not essential to
the binding of the TNP moiety in this condition, lending further
support to the hypothesis that Mg2� changes the position of
bound nucleotide.

The role of Arg560 does not seem to be confined to merely
binding the nucleotide. The Arg560 mutants showed substan-
tially reduced steady-state levels of phosphoenzyme (Figs. 1
and 2A) and of acetyl phosphate-supported Ca2� transport
(Fig. 4). It has been demonstrated for the wild type that in
addition to the rate of the E1PCa23 E2P transition (cf. Scheme
1), the rate of formation of E1PCa2 is limiting for the Ca2�

transport rate attainable with acetyl phosphate as substrate
(16). We were able to demonstrate that the E1PCa2 3 E2P
transition rate is, in fact, enhanced in Arg560 3 Val (Fig. 7).
Thus, it seems likely that the rate of formation of E1PCa2 is
reduced in this mutant. Furthermore, mutation Arg560 3 Val
was less detrimental to MgATP binding (40-fold decrease of
affinity) than the mutations of Thr441 and Glu442 (
120-fold
decrease of affinity, Table I), and yet the K0.5 for MgATP
dependence of phosphorylation was much higher for Arg560 3
Val than for the latter mutants (Fig. 2A). The K0.5 depends on
the intrinsic (true) affinity for MgATP, determined in the bind-
ing assay, as well as the rate constant for transfer of the
phosphoryl group from ATP to the enzyme. Therefore, the high
K0.5 observed for Arg560 3 Val may reflect a role of Arg560 in
the latter reaction. The low ATPase activity, even at saturating
MgATP concentrations, and lack of activation by calcium iono-
phore, seen in all the Arg560 mutants (Fig. 1), is also consistent
with a slow, rate-limiting phosphorylation step, because acti-
vation by ionophore requires that the E1PCa2 3 E2P transi-
tion, sensitive to inhibition by lumenal Ca2�, is rate-limiting
(26). It all points to mutations of Arg560 as affecting not only
nucleotide binding but also phosphoryl transfer. This could
mean that in the transition state existing during phosphoryl
transfer, Arg560 has important interaction with the �-phospho-
ryl group of ATP in addition to the �-phosphoryl, in line with a
suggestion for the corresponding arginine of the Na�,K�-
ATPase (45). There are, however, alternative possibilities. On
the basis of the crystal structure of E1Ca2, one can predict that
Arg560 could come very close to Asp627 when domain N ap-
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proaches domain P for phosphorylation. Because Asp627 points
toward Lys352 (cf. Fig. 11), a critical ATP binding and catalytic
residue (33), the Arg560–Asp627 interaction may be necessary to
allow Lys352 to interact with the substrate. It is understand-
able in this scenario how mutation of the arginine could affect
phosphorylation.

Unlike the Arg560 mutants, Leu562 3 Phe showed a normal
rate of acetyl phosphate-supported Ca2� transport (Fig. 4),
despite markedly reduced rates of ATP-driven Ca2� transport
and ATPase activity, and lack of ionophore activation of the
latter reaction (Fig. 1). This means that the role of Leu562 to a
large extent is nucleotide-specific. In Leu5623 Phe, the rate of
phosphoryl transfer may very well be reduced relative to wild
type with MgATP as substrate but not with acetyl phosphate as
substrate. A reduced rate constant for phosphoryl transfer from
MgATP in Leu562 3 Phe would be consistent with the finding
that the K0.5 for MgATP dependence of phosphorylation was
higher for Leu562 3 Phe than for Glu442 3 Ala (Fig. 2A),
whereas the KD value for MgATP determined in the binding
assay was highest for Glu442 3 Ala (Table I).

Lys515 lies deep in the binding cleft and is the residue that
reacts with FITC (3). Mutation of Lys515 to alanine prevented
TNP-8N3-ATP photolabeling of Lys492, showing that the ade-
nine positioning in relation to the latter residue was disturbed.
CrATP binding was also eliminated in Lys515 3 Ala (Fig. 6),
indicating that the binding deficiency is not confined to the
TNP-nucleotide. Glu442 points toward Lys515 in the crystal
structure (Fig. 11), and we found that the reactivity of the
amino group of Lys515 was profoundly increased by mutation
Glu442 3 Ala, indicating that the amino group was changed
into the more reactive uncharged form as a consequence of the
elimination of the charge on residue 442. This suggests that in
the native wild-type enzyme the two residues are ion-paired,
forming a salt link, in accordance with the structure of the
crystallized enzyme (1). Ion pairs are not favored over the
neutral forms in a low dielectric medium, unless strengthened
by additional hydrogen bonding (46). It is evident from the
crystal structure that these two residues are both likely to
hydrogen-bond to backbone amides and/or carbonyls at the end
of the 407FDGLVELATICALCN421 helix (Fig. 11). Strengthen-
ing the salt link may be important for the nucleotide-induced
conformational change alluded to above, thus aiding the inter-
action of the secondary flange, where Lys515 resides, with the
441TETAL helix. Thus the lysine and the glutamate may have
dual roles, one in nucleotide ligation and the other as a clasp
linking two key structural elements in the binding site.

For Glu442 3 Ala and Lys515 3 Ala, the reduced kobs values
for phosphorylation seen in the presence of 5 �M MgATP (Fig.
2B) seem to be well explained by the poor nucleotide affinity,
resulting in a low fraction of enzyme with bound nucleotide. In
Thr441 3 Ala, on the other hand, the rate constant for phos-
phoryl transfer from MgATP may be somewhat reduced, rela-
tive to Glu4423 Ala, because the K0.5 for MgATP dependence of
phosphorylation (Fig. 2A) and the kobs for phosphorylation
(Fig. 2B) were more strongly affected in Thr441 3 Ala than in
Glu4423 Ala, whereas the opposite was the case for the KD for
MgATP determined in the binding assay (Table I) and the
ability to bind CrATP (Fig. 6).

As demonstrated by the data in Fig. 7 and Table II, Thr4413
Ala, Glu442 3 Ala, Lys492 3 Leu, and Lys515 3 Ala showed a
conspicuous 6–8-fold reduction of the rate of the E1PCa2 3
E2P conversion. This contrasts with the 2-fold enhancement
seen for Arg5603 Val (for Arg5603 Glu and Arg5603 Leu, the
E1PCa2 3 E2P transition could not be studied, because of the
low phosphorylation level with nucleotide substrate). The
strongly reduced rate of the E1PCa23 E2P conversion explains

the decrease in acetyl phosphate-supported Ca2� transport
observed for Thr441 3 Ala, Glu442 3 Ala, and Lys515 3 Ala
(Fig. 4), without necessarily having to assume a reduced rate of
the phosphorylation step in these cases. Moreover, the reduced
maximum rate of ATP hydrolysis seen with these mutants (Fig.
3) can be explained by the reduced rate of the E1PCa2 3 E2P
conversion, and the enhancement seen upon addition of iono-
phore (Fig. 1) is consistent with a rate-limiting role of the
E1PCa2 3 E2P conversion (26), in contrast to the lack of iono-
phore effect seen for the mutants with alteration to Arg560

or Leu562.
Previously, a number of point mutations, mainly located in

the cytoplasmic domains A and P and in the segment connect-
ing transmembrane segment M4 with domain P, have been
shown to inhibit the E1PCa2 3 E2P transition (22, 25, 28, 34,
47–49). Thr441 3 Ala, Glu442 3 Ala, Lys492 3 Leu, and
Lys515 3 Ala are the first N-domain mutants for which this
characteristic is reported. The reduced rate of the E1PCa2 3
E2P transition could reflect a general destabilization of inter-
or intra-domain interaction specific to the E2P conformation. In
the wild-type enzyme, the E1PCa2 3 E2P transition seems to
lead to tight and specific interaction of the conserved 181TGES
motif of domain A with the phosphorylation site, thereby
changing the interactions of domain N (1, 50). A glutaralde-
hyde cross-link between Lys492 and Arg678, tying the N and P
domains together, prevents this docking of domain A in domain
P (43). The recently published crystal structure of the Ca2�-
ATPase dephosphoenzyme in E2 form with bound thapsigargin
(51) shows that the end of the 441TETAL helix is only 7 Å away
from the glutamate of the 181TGES motif of domain A, and a
further approach might be expected in E2P. Alteration to the
structure of domain N induced by the mutations could conceiv-
ably interfere with the change of its interaction with domain P
and domain A in relation to the E1PCa23 E2P transition and,
possibly, also with the docking of domain A in domain P. For
Glu4423 Ala and Lys5153 Ala, disruption of the Glu442–Lys515

salt link may be an important contributing factor, whereas
Thr441 3 Ala might affect more directly the position of the
441TETAL helix. Moreover, a defective Mg2� coordination, as
suggested above for Thr441 3 Ala, could contribute to the
inhibition of the E1PCa23 E2P transition, as a normal rate of
this step seems to require the binding of Mg2� (52).

For Glu4423 Ala, Lys4923 Leu, Lys5153 Ala, and Arg5603
Glu, we also observed a significant enhancement of the hydrol-
ysis of E2P (Fig. 9 and Table II). The location of Arg560 rather
close to domain P is likely important for the effect of the
Arg5603 Glu mutation on the hydrolysis of E2P, as well as for
the increased true affinity for Pi (KD) or increased rate of
phosphorylation from Pi (k2) deduced for the Arg560 mutants on
the basis of the E2P hydrolysis rate in conjunction with appar-
ent Pi affinity (see “Results”). For the mutants with a slowed
E1PCa23 E2P transition, the enhanced hydrolysis of E2P may
on the other hand result from the more general destabilization
of the E2P conformation discussed above.

In addition to being the phosphorylating substrate, MgATP
and/or ATP exert modulatory effects on various steps of the
pump cycle (boxed ATP in Scheme 1). Hence, in the wild-type
Ca2�-ATPase, the MgATP dependence of ATPase activity ex-
hibits at least three activation phases, corresponding to high
affinity (0–10 �M), intermediate affinity (10–200 �M), and low
affinity (
200 �M). The high affinity phase reflects MgATP
binding to the E1Ca2 form as phosphorylating substrate. The
low affinity activation phase reflects a modulatory effect of
nucleotide on the E1PCa2 3 E2P transition (13, 15, 16),
whereas the intermediate phase most likely is due to modula-
tion of the Ca2�-binding E23 E1Ca2 conformational transition
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of the dephosphoenzyme (10, 26, 53, 54), cf. Scheme 1. In
addition, ATP in the submillimolar concentration range en-
hances E2P hydrolysis (9, 12, 14). There is evidence that the
latter effect is exerted only by free ATP and not MgATP (14),
which implies a rather low apparent affinity in the presence of
Mg2�. Furthermore, E2P hydrolysis is so rapid in the wild type,
at pH values close to neutral and in the presence of K�, that it
only contributes to rate limitation of the overall reaction at
MgATP concentrations where the modulatory effect on the
E1PCa2 3 E2P transition is fully implemented (13). In a titra-
tion curve such as that shown in Fig. 3, the modulatory effect
on E2P hydrolysis should, therefore, be apparent only for the
highest MgATP concentrations. A subject of much controversy
is the question whether the phosphorylating and modulatory
MgATP/ATP molecules are at the same locus, exhibiting vari-
able affinity during the transport cycle depending on confor-
mational state, or a separate low affinity allosteric site exists
on the same Ca2�-ATPase polypeptide chain (14, 29, 55–58). A
similar discussion exists for the closely related Na�,K�-
ATPase, although in this case it seems that only the E2(K2) 3
E1(Na3) transition and not phosphoenzyme processing is mod-
ulated by nucleotide (59–62).

To the extent it could be studied, the intermediate activation
phase, reflecting modulation of the E23 E1Ca2 conformational
transition of the unphosphorylated Ca2�-ATPase, seemed less
pronounced or right-shifted in the mutants that showed re-
duced MgATP binding affinity at the substrate site (Fig. 3),
consistent with the evidence that only one site per polypeptide
chain is available for binding of nucleotide within the high and
intermediate affinity ranges (14, 29). On the other hand, mu-
tants Arg5603 Leu, Arg5603 Val, Leu5623 Phe, Thr4413 Ala,
Glu442 3 Ala, and Lys515 3 Ala all showed a distinct low
affinity modulatory effect of nucleotide on the overall ATPase
reaction and on the rate-limiting E1PCa2 3 E2P transition, as
well as a modulatory effect on the hydrolysis of E2P, despite the
fact that a conspicuous lowering of nucleotide affinity was seen
for the substrate site of the dephosphoenzyme in these mu-
tants, as discussed above. There was no evidence for a signifi-
cant lowering of the apparent affinity with which MgATP or
ATP modulates the E1PCa2 3 E2P transition in any of these
mutants, as the increase of MgATP concentration from 1 to 5
mM induced a wild type-like 2-fold enhancement in all cases
(Fig. 7 and Table II). The tendency for the ATPase activity of
Thr4413 Ala, Glu4423 Ala, and Lys5153 Ala to level off more
abruptly than that of the wild type at the highest MgATP
concentrations (Fig. 3) is likely due to the very strong rate
limitation by the E1PCa2 3 E2P transition in these mutants,
which prevents the ATP modulation of E2P hydrolysis from
contributing significantly to the overall activity, because E2P
hydrolysis is already much faster than the E1PCa2 3 E2P
transition without ATP modulation. When the nucleotide de-
pendence of phosphoenzyme processing was examined for the
mutants with alterations to Phe487, Arg489, and Lys492 (Table
II), we also found a significant modulatory effect, although
slightly less pronounced than for wild type. Hence, our results
seem to imply that none of the residues studied here are critical
to the ligation of modulatory nucleotide in the phosphoenzyme.
It is interesting to note the resemblance of the MgATP depen-
dences of ATPase activity of the mutants to data obtained for
wild type by titration with MgATP deoxy analogues lacking the
2�- or 3�-hydroxyl group on the ribose (63). Also, in these cases,
the affinities corresponding to the substrate site of the dephos-
phoenzyme were lowered, whereas the activation phase above
200 �M was virtually unaltered (63). These data, as well as our
results, seem to support the hypothesis that the modulatory
site on the phosphoenzyme differs substantially from the sub-

strate site. On the other hand, the “plasticity” exhibited by the
substrate site, as seen by the dependence of the mutational
effects on the nucleotide studied, calls for some caution of
interpretation. We have discussed above that ATP may bind
differently from MgATP. Furthermore, it is noteworthy that
TNP-8N3-MgATP can function as a substrate supporting effi-
cient Ca2� transport and is hydrolyzed even when tethered at
Lys492 (64), although the data in Table I clearly indicate that
TNP-8N3-MgATP is not bound exactly as MgATP. Thus, the
adenosine portion of the substrate may not need to occupy a
very precise locus, and the same could be even more applicable
to the modulatory nucleotide bound with low affinity. It is
possible that the modulation of the kinetics of the conforma-
tional change and hydrolysis of the phosphoenzyme arise pri-
marily from electrostatic interaction between the covalently
attached phosphoryl group and the phosphates of the modula-
tory ATP. The principal requirement might, thus, be that the
�-phosphate or �- and �-phosphates is/are near the phosphoryl
group covalently attached at Asp351. This notion is supported
by the finding that ATP, AMP(CH2)PP, or PPi, but not ADP or
Pi, exert modulatory effects on ATPase activity (65). Because
ATP and not MgATP seems to bind to E2P, which contains
Mg2� tightly bound together with the covalently attached phos-
phoryl group (14), it may be speculated that one of the major
interactions responsible for the low affinity binding of nucleo-
tide to the phosphoenzyme occurs between ATP and the Mg2�

already bound. In this scenario, there may not be very specific
requirements for amino acid side chains in domain N to ligate
the adenosine part of the modulatory nucleotide. At the mo-
ment this seems an attractive working hypothesis as an alter-
native to invoking a second site at a location completely distinct
from that of the substrate site.
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