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ATP plays dual roles in the reaction cycle of the sarcoplasmic
reticulum Ca2�-ATPase by acting as the phosphorylating sub-
strate as well as in nonphosphorylating (modulatory) modes
accelerating conformational transitions of the enzyme cycle.
Here we have examined the involvement of actuator domain
residues Arg174, Ile188, Lys204, and Lys205 by mutagenesis. Ala-
nine mutations to these residues had little effect on the interac-
tion of the Ca2E1 state with nucleotide or on the HnE2 to Ca2E1
transition of the dephosphoenzyme. The phosphoenzyme proc-
essing steps, Ca2E1P to E2P and E2P dephosphorylation, and
their stimulation by MgATP/ATP were markedly affected by
mutations to Arg174, Ile188, and Lys205. Replacement of Ile188
with alanine abolished nucleotidemodulation of dephosphoryl-
ation but not the modulation of the Ca2E1P to E2P transition.
Mutation to Arg174 interfered with nucleotide modulation of
either of the phosphoenzyme processing steps, indicating a sig-
nificant overlap between the modulatory nucleotide-binding
sites involved. Mutation to Lys205 enhanced the rates of the
phosphoenzyme processing steps in the absence of nucleotide
and disrupted the nucleotide modulation of the Ca2E1P to E2P
transition. Remarkably, the mutants with alterations to Lys205
showed an anomalous inhibition by ATP of the dephosphoryla-
tion, and in the alanine mutant the affinity for the inhibition by
ATP was indistinguishable from that for stimulation by ATP of
thewild type.Hence, the actuator domain is an important player
in the function of ATP as modulator of phosphoenzyme proc-
essing, with Arg174, Ile188, and Lys205 all being critically
involved, although in differentways. The data support a variable
site model for the modulatory effects with the nucleotide bind-
ing somewhat differently in each of the conformational states
occurring during the transport cycle.

The sarcoplasmic reticulum Ca2�-ATPase (1) is a mem-
brane-bound ion pump that belongs to the family of P-type
ATPases (2), named so because their reaction cycles involve the
transient phosphorylation of the aspartic acid residue in
the universally conserved DKTGT(L/I)Tmotif. Insight into the
structural organization and domainmovements that take place
during pump activity in P-type ATPases has come from the
elucidation over the past 8 years of several high resolution crys-
tal structures of Ca2�-ATPase (3–11), each thought to repre-
sent a specific intermediate state in the pump cycle (12), as well
as the recent crystal structures of pig renal Na�,K�-ATPase
(13) andArabidopsis thalianaH�-ATPase (14). In these P-type
pumps the membrane-buried region is made up of 10 mem-
brane-spanning �-helices. The cytoplasmic headpiece is sepa-
rated into three distinct domains, named A (“actuator”), P
(“phosphorylation”), and N (“nucleotide binding”). The ion
translocation is achieved by sequential conformational transi-
tions between phosphorylated and dephosphorylated interme-
diate states (cf. Scheme 1 for Ca2�-ATPase) (15, 16). The key to
understanding the long distance coupling between formation/
decomposition of the acyl phosphate in the cytoplasmic P-do-
main and the changes in the ion-binding sites buried deep in the
membranous region seems to be the relatively largemovements
of the A-domain, which are transmitted to the transmembrane
helices (8, 11).
ATP plays dual roles in the reaction cycle of the Ca2�-ATPase

by acting both as the phosphorylating substrate as well as in non-
phosphorylating (modulatory) modes, the latter regulating the
rates of various partial reaction steps (boxed ATP in Scheme 1).
The modulatory action of ATP seems to be a general feature in
the family of P-type pumps and is a vital means of overcoming
rate-limiting reaction steps during pump activity. Thus, the K�

deoccluding KnE2 3 E1 transition in Na�,K�-ATPase and
H�,K�-ATPase as well as the corresponding HnE23 E1 tran-
sition in Ca2�-ATPase are accelerated by ATP with affinity
constants in the 10–100 �M range (17–21). In the Ca2�-
ATPase, ATP furthermore binds to the phosphoenzyme inter-
mediates and stimulates phosphoenzyme turnover (i.e.
Ca2E1P 3 E2P and E2P 3 E2 partial reactions (22–30)),
whereas in Na�,K�-ATPase the rate of E2P dephosphorylation
seems instead to be inhibited bynucleotide (31, 32). Suchobser-
vations have raised the question whether the modulatory ATP
molecule binds at the same site as the ATP molecule undergo-
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ing hydrolysis (28, 33, 34) or at a distinct or only partially over-
lapping site (35, 36). In a recent mutagenesis study (30), we
pinpointed Glu439, Phe487, and Arg560 in the N-domain and
Arg678 in the P-domain of Ca2�-ATPase as critical amino acid
residues for the stimulation by ATP of E2P dephosphorylation.
Phe487, Arg560, and Arg678 are also known as key residues in
ATP binding in the phosphorylating mode (5, 7, 30, 37). None
of these residues, however, were critical for the modulation by
nucleotide of the Ca2E1P3 E2P transition, suggesting that yet
undefined additional residues might be important in this case,
but Arg678 proved essential also for the acceleration byMgATP
of the HnE23Ca2E1 transition. Because the A-domain plays a
central role in the energy transduction and is closely associated
with the catalytic site in E2 forms (38), it is relevant to ask
whether A-domain residues might be involved in the modula-
tory effect of ATP, at least in E2 forms. Here we extend the
previous analysis to include Arg174, Ile188, Lys204, and Lys205 in
the A-domain, and we demonstrate, for the first time, that the
A-domain is a critical contributor to the binding and actions of
modulatory nucleotide in Ca2�-ATPase.

EXPERIMENTAL PROCEDURES

Site-directed mutagenesis of cDNA encoding the rabbit fast
twitch muscle Ca2�-ATPase (SERCA1a isoform) inserted into
the pMT2 vector (39) was carried out using the QuikChange
site-directed mutagenesis kit (Stratagene), and the mutant
cDNA was sequenced throughout. To express wild type or
mutant cDNA, COS-1 cells were transfected using the calcium
phosphate precipitation method. Microsomal vesicles contain-
ing either expressed wild type or mutant Ca2�-ATPase were
isolated by differential centrifugation (40). The concentration
of expressed Ca2�-ATPase was determined by an enzyme-
linked immunosorbent assay (41). Transport of 45Ca2� into the
microsomal vesicles was measured by filtration, and the
ATPase activity was determined by following the liberation of
Pi in the presence of 4 �M ionophore A23187 to prevent inhi-
bition caused by rebinding ofCa2� to the lumenally facingCa2�

sites (42, 43). Measurements of phosphorylation and dephos-
phorylation at 0 °C were carried out by manual mixing (30, 43,
44). Transient state kinetics at 25 °C was analyzed using the
Bio-Logic quench-flow module QFM-5 (Bio-Logic Science
Instruments, Claix, France) with mixing protocols as described
previously (45). The determination of the phosphorylation level
by acid quenching followed by acid SDS-PAGE and quantifica-
tion of the radioactivity associatedwith theCa2�-ATPase band,

as well as the photolabeling with [�-32P]TNP-8N3-ATP,2 the
inhibition of photolabeling by ATP, and the quantification of
the label bound specifically to the Ca2�-ATPase were carried
out using the previously established procedures (30, 37, 46–50).
The experiments were generally conducted at least twice,

and average values are shown in the figures. The data were
analyzed by nonlinear regression using the SigmaPlot program
(SPSS, Inc.) or by computation using the SimZyme program
(45).Monoexponential functions were fitted to the dephospho-
rylation time courses. The data obtained in rapid kinetic exper-
iments using quench flow instrumentation were analyzed by
the SimZyme program using a three-intermediate reaction
scheme, taking into account the contribution by forward phos-
phoenzyme- and dephosphoenzyme-processing steps to the
time course of phosphoenzyme formation, as detailed below
and in previous publications (45, 51). The analysis of Ca2� and
MgATP concentration dependences of phosphorylation was
based on the Hill equation, EP � EPmax�[L]n/(K0.5

n � [L]n). A
hyperbolic function plus a linear component was fitted to the
[�-32P]TNP-8N3-ATP labeling data, and the “true” dissociation
constant, KD, for ATP binding was calculated from the meas-
ured K0.5 values using the validated equation for competitive
inhibition (46). For analysis of the modulatory effect of nucleo-
tide or PPi (abbreviated “S” for substrate) on the rates of the
partial reaction steps, the substrate concentration dependence
of the rate constant was analyzed according to Equation 1,

kobs � k0 � �kmax � k0��S�/�K0.5 � �S�� (Eq. 1)

Here, kobs is the rate constant observed at the indicated sub-
strate concentration; k0 is the rate constant in the absence of
substrate (“basic rate”), and kmax is the extrapolated value of the
rate constant corresponding to infinite substrate concentra-
tion. The enhancement factor kmax/k0 describes the extent of
the modulatory effect, and the K0.5 value describes the affinity
for the modulatory substrate.

RESULTS

Expression and Assays of Overall Function—Eight single
mutations were introduced to four amino acid residues in the
A-domain of sarcoplasmic reticulum Ca2�-ATPase. Arg174,
Lys204, and Lys205 were each substituted with alanine and glu-
tamate, to examine the consequences of either removing the
bulky, charged side chain or reversing the charge, and Ile188 was
replaced by alanine and phenylalanine, to examine the impor-
tance of the size of the hydrophobic side chain at position 188.
The expression levels in COS-1 cells of the six mutant pumps
with alterations to Arg174, Ile188, and Lys205 were similar to that
obtainedwithwild type, as evaluated by their immunoreactivity
in the specific enzyme-linked immunosorbent assay (data not
shown). The expression levels of mutants K204A and K204E
were generally around 60 and 10–20%, respectively, of that

2 The abbreviations used are: TNP-8N3-ATP, 2�,3�-O-(2,4,6-trinitrophenyl)-
8-azidoadenosine 5�-triphosphate; AMPPCP, adenosine 5�-(�,�-meth-
ylene)-triphosphate; AMPPNP, adenosine 5�-(�,�-imido)-triphosphate;
EPPS, N-2-hydroxyethylpiperazine-N�-3-propanesulfonic acid; MES,
2-(N-morpholino)ethanesulfonic acid; MOPS, 3-(N-morpholino)pro-
panesulfonic acid; PPi, pyrophosphate; SERCA, sarco/endoplasmic reticu-
lum Ca2�-ATPase.

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 binding of ATP or MgATP that is
not hydrolyzed (“modulatory ATP”).

A-Domain Interaction of SERCA with Modulatory Nucleotide
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obtained with wild type. Reliable and reproducible biochemical
experiments could be performed with K204A, whereas the low
expression level of K204E precluded a functional characteriza-
tion of this mutant.
For R174A, I188F, K205A, and K205E, the molecular rate of

Ca2�-activated ATP hydrolysis (“ATP turnover rate”) at 37 °C
with 5mMMgATPwas similar to, or slightly lower than (by less
than 15%), that of wild type (Fig. 1). I188A andK204Adisplayed
�30% reduced ATP turnover rates relative to wild type,
whereas the ATP turnover rate of R174E was reduced by as
much as �80%. The effects of the mutations to Arg174 on over-
all ATP turnover are similar to those presented previously (52).
The overall activity at 37 °C and saturating substrate concen-
trations was further evaluated by measuring the ATP-driven
accumulation of 45Ca2� in the microsomal vesicles (Fig. 1). For
the mutants with alterations to Arg174, Ile188, and Lys205, the
rates of Ca2� transport and ATP hydrolysis correlated well,
implying that the coupling between ATP consumption and
Ca2� translocation is fully retained in the mutants. Mutant
K204A, however, displayed only �40% Ca2� transport relative
to wild type, compared with its �70% rate of ATP turnover.
The Ca2� dependence of the steady-state phosphoenzyme

level obtained by phosphorylation from 5 �M [�-32P]MgATP
and the [�-32P]MgATP dependence of steady-state phospho-
rylation at 100 �M free Ca2� were determined at 0 °C and pH 7
(supplemental Fig. S1, left and right panels, respectively). At
10–100 �M free Ca2� and 5–50 �MMgATP, the concentration
ranges of Ca2� and MgATP applied in the phosphorylation
experiments described below, both the wild type and the

mutants displayed high levels of
phosphoenzyme (	80% of the
EPmax derived from the fits of the
Hill equation to the data).
Transient State Kinetics of Phos-

phorylation of Ca2E1 from MgATP—
The time course of phosphoryla-
tion from 10 �M [�-32P]MgATP of
wild type or mutant Ca2�-ATPase
pre-equilibrated with Ca2� was
studied at pH 6 and 25 °C using
rapid kinetics instrumentation (Fig.
2 and Table 1). Under these condi-
tions, the wild type displays an ini-
tial overshoot of phosphorylation
because of the contribution to rate
limitation by the Ca2� binding tran-
sition (i.e.HnE23Ca2E1), causing a
significant amount of dephos-
phoenzyme to accumulate at steady
state. This overshoot can be repro-
duced by computer simulation
based on the simplified three-inter-
mediate reaction cycle shown in the
bottom right corner of Fig. 2, with
rate constants kA � 65 s
1 for phos-
phorylation of Ca2E1, kB � 3 s
1 for
phosphoenzyme processing (i.e.
Ca2E1P3 E2P3 E2, the latter step

FIGURE 1. Rates of ATP-driven Ca2� transport and ATPase activity at
37 °C. Measurements of ATP-driven Ca2� transport (black bars) were per-
formed by filtration following incubation for 5 min at 37 °C in 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 subtraction of
the background activity determined with microsomes harvested from
mock-transfected COS-1 cells and correction for the variation in expres-
sion level. The rate of Ca2�-activated ATP hydrolysis (gray bars) was deter-
mined at 37 °C in 50 mM MOPS/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), 4 �M Ca2�

ionophore A23187, and 5 mM ATP. The activity was calculated as the
amount of Pi liberated per s, following subtraction of the background
activity determined in the absence of Ca2� and correction for the variation
in expression level.

FIGURE 2. Transient kinetics of phosphorylation of Ca2E1 with [�-32P]ATP. Using a QFM-5 quench-flow
module at 25 °C, microsomes suspended in 40 mM MES/Tris (pH 6.0), 80 mM KCl, 5 mM MgCl2, and 100 �M CaCl2
were mixed with an equal amount of the same medium containing [�-32P]ATP to produce a final concentration
of 10 �M, followed by acid quenching at the indicated time intervals. The lines show the best fits to the data
obtained by computation based on the reaction scheme shown in the bottom right corner using the SimZyme
program (45), giving the rate constants for Ca2E13 Ca2E1P (kA) listed in Table 1. In each case, the maximum
phosphorylation level was taken as 100%. The broken lines correspond to the wild type curve from the top left
panel.
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beingmuch faster than the former under the conditions applied
here, thus allowing them to be represented by a single rate con-
stant), and kC � 5 s
1 for theHnE23Ca2E1 reaction sequence.
With these rate constants the steady state is reached within
�0.5 s in the wild type, and after this point 36% of the enzyme is
in the E2 state, 3% in the Ca2E1 state, and 61% is
phosphorylated.
As seen in Fig. 2 and Table 1, all seven mutants displayed

phosphorylation rates in the 65–80 s
1 range (column labeled
“Ca2E13Ca2E1P” in Table 1), i.e. at least as fast as that of wild
type, implying that Arg174, Ile188, Lys204, and Lys205 are not
critical for the transfer of the �-phosphate from MgATP to
Asp351 in the Ca2E1 form. Because the phosphorylation was
carried out at a subsaturating concentration ofMgATP (theKD
for MgATP at pH 6 and 20 °C is �10 �M (53, 54)), the wild
type-like phosphorylation rates of the mutants furthermore
suggest that Arg174, Ile188, Lys204, and Lys205 are not critical for
binding of MgATP to Ca2�-saturated E1, as any change in
nucleotide affinity induced by the mutations should also affect
the phosphorylation rate (see below for directmeasurements of
MgATP binding to Ca2�-free E1).

K205A and K205E both displayed more pronounced phos-
phorylation overshoots relative to wild type, with substantial
levels of dephosphoenzyme accumulated at steady state (Fig. 2),
implying either rapid phosphoenzyme processing or inhibition
of the Ca2� binding transition of the dephosphoenzyme. In
such cases where the phosphorylation overshoot is substantial,
fairly accurate values of kB and kC can be derived from the com-
puter simulations, because the steepness of the descending
phase following the overshoot directly reflects the rate of phos-
phoenzyme processing (51). The computational analysis
showed that phosphoenzyme processing was 2.7- and 6-fold
enhanced for K205A and K205E, respectively, relative to wild
type, whereas the Ca2� binding HnE23 Ca2E1 transition was
rather unaffected by themutations. For the remainingmutants,
the size of the phosphorylation overshoot was either similar to
or smaller than that of wild type (Fig. 2), and in such casesmore
latitude exists with respect to the determination of kB and kC
(51). A reduced overshoot can result either from an inhibition
of phosphoenzyme processing or from an enhancedCa2� bind-

ing transition, or a combination of both. Direct measurements
of the rates of the partial reactions involved in phosphoenzyme
and dephosphoenzyme processing are presented below.
Affinity of E1 forMgATP—The nucleotide binding properties

of wild type andmutants were examined in the absence of Ca2�

(to avoid ATP hydrolysis) and at pH 8.5 (to accumulate E1 even
in the absence of Ca2� (55)), by using the previously described
and validated assay in which the ATPase is photolabeled with
[�-32P]TNP-8N3-MgATP (30, 46, 47, 49). The [�-32P]TNP-
8N3-MgATPdependence of the photolabeling and the compet-
itive inhibition of the photolabeling withMgATPwere studied,
and results are shown in Fig. 3 and supplemental Fig. S2, with
the derived affinity constants listed in Table 2. In accordance
with the wild type-like phosphorylation rates obtained with the
mutants at a subsaturating concentration of MgATP (Fig. 2),
the effects of the mutations on nucleotide binding were mod-
erate. Thus, theK0.5 values for the binding of the photolabel and
the KD values for MgATP inhibition of the photolabeling gen-
erally deviated less than 2-fold from the values obtained with
wild type (Table 2). Exceptions to this pattern, however, were
R174E and I188A, the former displaying a significant and repro-
ducible 4-fold reduced MgATP affinity relative to wild type,
and the latter displaying 2–3-fold increased TNP-8N3-MgATP
and MgATP affinities, suggesting that under the conditions of
the binding assay Arg174 and Ile188 may interact with the nucle-

TABLE 1
Rate constants for partial reactions in the absence of excess
(modulating) nucleotide

Ca2E13
Ca2E1Pa

Ca2E1P3
E2Pb

E2P3
E2c

HnE23
Ca2E1d

s–1 s–1 min–1 s–1

Wild type 65 0.12 2.0 1.0
R174A 80 0.08 3.6 1.9
R174E 80 0.015 8.2 2.7
I188A 70 0.044 1.3 1.2
I188F 70 0.12 1.2 1.0
K204A 65 0.12 1.9 0.55
K205A 75 0.23 7.2 1.3
K205E 65 0.47 15.7 0.8

a Rate of phosphorylation from 10 �M ��-32P�MgATP of Ca2�-saturated enzyme at
25 °C and at pH 6 derived from the computer simulation analysis of the data
presented in Fig. 2 (detailed in the figure legends).

b Rate of forward processing of Ca2E1Pmeasured at pH 7 and 0 °C in the absence of
excess (modulating) nucleotide (detailed in the legend to supplemental Fig. S4).

c Rate of E2P dephosphorylationmeasured at pH 7 and 0 °C in the absence of nucle-
otide (detailed in the legend to supplemental Fig. S5).

d Rate of HnE23 Ca2E1 measured at pH 6 and 25 °C in the absence of nucleotide
(detailed in the legend to supplemental Fig. S7A).

FIGURE 3. Binding of MgATP determined by competition with [�-32P]TNP-
8N3-MgATP photolabeling. Photolabeling of expressed wild type or
mutants was performed in 25 mM EPPS/tetramethylammonium hydroxide
(pH 8.5), 20% (v/v) glycerol, 0.5 mM EGTA, a [�-32P]TNP-8N3-ATP concentration
of 3� the K0.5 for TNP-8N3-MgATP (Table 2), the indicated concentrations of
ATP, and 1 mM MgCl2 in excess over the ATP concentration. The lines repre-
sent the best fits to the data of a hyperbolic function as described under
“Experimental Procedures.” Table 2 lists the KD values derived from the data.

A-Domain Interaction of SERCA with Modulatory Nucleotide
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otide to a slightlymore significant extent than seen in the phos-
phorylation assay described above. The flexibility of the A-do-
mainmay be higher in the absence of Ca2� than in its presence,
thereby allowing the A-domain to “sample” E2 conformations,
in which Arg174 comes close to and possibly interacts with the
nucleotide (see under “Discussion”). Studies of the ADP
dependence of ADP-induced dephosphorylation of phos-
phoenzyme formed from 5 �M [�-32P]MgATP also showed
only moderate deviations of the mutants from wild type with
respect to theK0.5 forADP, suggesting that themutations inter-
fere little with ADP binding to Ca2E1P (supplemental Fig. S3).
Ca2E1P to E2P Transition and Its Modulation by MgATP—

Phosphorylation of Ca2E1 from MgATP leads to formation of
the Ca2E1P phosphoenzyme, which subsequently undergoes a
conformational transition to the Ca2E2P state (56), followed by
the release of the two Ca2� ions to the lumenal side of the
membrane and thus formation of Ca2�-free E2P (cf. Scheme 1).
The Ca2E1P3 E2P transition is a rate-limiting reaction step in
the overall pump cycle under normal physiological conditions
(57) and therefore an obvious target for regulation of activity.
Indeed, acting in a nonphosphorylating modulatory mode,
MgATP has a prominent activating effect on the rate of the
conformational change of the phosphoenzyme (22–25, 30).
The time course of the forward processing of phosphoen-

zyme formed by phosphorylation of Ca2�-saturated enzyme
from 5�M [�-32P]MgATPwasmeasured by a chase of the accu-
mulated phosphoenzyme with excess EGTA (to remove Ca2�

and thus terminate phosphorylation) and varying concentra-
tions of nonradioactive MgATP. Under the phosphorylation
conditions applied here (0 °C at pH 7 and high [K�]), the
steady-state phosphoenzyme accumulated prior to the initia-
tion of the chase was almost exclusively ADP-sensitive Ca2E1P
for wild type as well as mutants (supplemental Fig. S3), demon-
strating that the conformational transition of the phosphoen-
zyme (i.e. Ca2E1P3 E2P) was indeed the rate-limiting step in
phosphoenzyme processing. The dephosphorylation time
courses obtained at selectedMgATP concentrations are shown
in supplemental Fig. S4, and the basic rate constants (i.e. those
corresponding to absence of MgATP in excess of the amount
used for phosphorylation) obtained by fitting of a monoexpo-
nential decay function to the data are listed in Table 1 (column
labeled “Ca2E1P3 E2P”). R174E and I188A displayed signifi-
cant 8- and 3-fold reduced basic rates of Ca2E1P3 E2P relative

to wild type, whereas the rate of R174A was only mildly
reduced, and the rates of I188F and K204A were wild type-like.
K205A and K205E displayed 2- and 4-fold enhanced basic rates
of Ca2E1P 3 E2P, respectively, in accordance with the large,
steep phosphorylation overshoots seen with these twomutants
in the phosphorylation time courses described above (Fig. 2).
The MgATP dependence of the rate of phosphoenzyme

processing starting from Ca2E1P (i.e. Ca2E1P3 E2P) is shown
in Fig. 4, and the affinity constants (K0.5) and enhancement
factors (kmax/k0, i.e. the ratio between the maximum rate and
the basic rate) for the MgATP-induced stimulation derived
from fits of a hyperbolic function to the data are listed in Table
3 (columns labeled “Ca2E1P3 E2P, MgATP”). For wild type,
the analysis provided an MgATP affinity of 1.35 mM and an
enhancement factor of 5.0, in good agreement with our previ-
ously published values of 1.44 mM and 4.7, respectively (30).
K204A deviated only marginally from the wild type in these
respects. MgATP enhanced the Ca2E1P3 E2P rates of I188A
and I188F to an extent slightly higher than that of wild type
(kmax/k0 of 7.5 and 6.2, respectively) and with somewhat
increased MgATP affinities (1.6- and 2.9-fold, respectively). In
contrast, R174A and R174E displayed almost no MgATP-in-

TABLE 2
Nucleotide binding affinities determined at pH 8.5 and in the
absence of Ca2� by ��-32P�TNP-8N3-MgATP photolabeling and
MgATP inhibition thereof

TNP-8N3-MgATP,a K0.5 MgATP,b KD

�M �M

Wild type 0.79 0.51
R174A 0.58 0.93
R174E 0.63 2.17
I188A 0.33 0.23
I188F 0.54 0.56
K204A 0.85 0.56
K205A 0.44 0.71
K205E 1.26 1.03

a Affinity constants for ��-32P�TNP-8N3-MgATP binding to Ca2�-free enzyme at
pH 8.5 derived from the analysis of the data presented in supplemental Fig. S2.

b Affinity constants forMgATP binding to Ca2� free enzyme at pH 8.5 derived from
the analysis of the data presented in Fig. 3.

FIGURE 4. MgATP dependence of the rate of forward processing of Ca2E1P
phosphoenzyme. The dephosphorylation rate constants derived from the
data in supplemental Fig. S4 and from data obtained in a similar way at other
MgATP concentrations in the chase medium are shown here as a function of
the MgATP concentration. The lines represent the best fits to the data of the
hyperbolic function described under “Experimental Procedures” (see Equa-
tion 1), the derived parameters being listed in Table 3 (column Ca2E1P3 E2P,
MgATP). The broken lines correspond to the wild type curve from the top left
panel.
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duced activation of phosphoenzyme processing throughout the
MgATP concentration range studied, and accordingly, no
MgATP affinity constant could be obtained for these two
mutants. The ability of K205A and K205E to undergoMgATP-
induced stimulation of phosphoenzyme processing was also
notably impaired. Thus, K205A displayed only a 1.7-fold
enhancement of phosphoenzyme processing over the MgATP
concentration range applied, suggesting very lowMgATP affin-
ity (although a K0.5 value could not be derived), and in K205E
the affinity appeared even lower with almost no MgATP mod-
ulation throughout the nucleotide concentration range.
Dephosphorylation of E2P and Its Modulation by ATP—Like

the Ca2E1P 3 E2P conformational transition of the phos-
phoenzyme, the dephosphorylation of E2P is also a target for
stimulatorymodulation by nucleotide in a nonphosphorylating
mode (22, 24, 26–28, 30). Contrary, however, to the nucleotide
modulation of Ca2E1P3 E2P, which is rather independent of
whether Mg2� is present or absent (30), the modulation
of E2P3 E2 depends on metal-free ATP. High concentrations
of Mg2� eliminate the accelerating effect, because only metal-
free ATP binds to E2P with reasonable affinity (in the 10–100
�M range) (24, 28–30).

To study the rate of E2P dephosphorylation, wild type and
mutants were phosphorylated by 32Pi in the reverse direction
relative to the normal turnover cycle, under favorable condi-
tions for E2P accumulation (saturating concentration of 32Pi
and Mg2�, absence of Ca2�, acidic pH, presence of dimethyl
sulfoxide, and absence of K�). Next, the phosphoenzyme decay
was followed upon a chase of the accumulated phosphoenzyme
with excess EDTA (to chelate Mg2� and thus terminate phos-
phorylation) and varying concentrations of ATP. The time
courses obtained with wild type and mutants at selected ATP
concentrations are shown in supplemental Fig. S5, and the basic
rate constants (i.e. those obtained in the absence of ATP) are
listed in Table 1 (column labeled “E2P3 E2”). In the absence of
ATP, R174E, K205A, and K205E displayed significantly
reduced E2P stability relative to wild type (4.1-, 3.6-, and 7.9-
fold increased basic rate constants, respectively), whereas the

rate constants obtained with R174A, I188A, I188F, and K204A
deviated less than 2-fold from that of wild type.
TheATPdependence of the rate ofE2P dephosphorylation is

shown in Fig. 5, and theATP affinities and enhancement factors
derived from fits of a hyperbolic function to the data are listed
in Table 3 (columns labeled “E2P3 E2, ATP”). For wild type,
the affinity of E2P for ATP was found to be 34 �M with an
enhancement factor of 2.4, comparable with our previously
published values of K0.5 � 19 �M and kmax/k0 � 2.9 (30). The
parameters derived from the analysis of K204A deviated only
marginally from those of wild type (1.8-fold reduced ATP affin-
ity and wild type-like enhancement factor). In contrast, R174A
and R174E displayed 7.6- and, at least, 15-fold reduced ATP
affinities, respectively (note the different scales on the abscissa
for R174A and R174E in Fig. 5), but with significant (more than
3-fold) activation of E2P dephosphorylation over the range of
ATP concentrations applied, suggesting involvement of the
Arg174 side chain in binding of themodulatoryATP toE2P. The
dephosphorylation of I188A was not modulated by ATP
throughout the concentration range studied. On the contrary,
the E2P dephosphorylation of I188F was modulated quite effi-
ciently (kmax/k0 � 4.6) by ATP with an affinity only 2.2-fold
lower than that of wild type, implying that a bulky, hydrophobic
side chain at position 188 is a prerequisite for a functionalmod-
ulatory ATP-binding site in E2P. Contrary to the wild type, the
rates of E2P dephosphorylation of K205A and K205E showed a
surprising inhibition by ATP, rather than stimulation. Thus,
whereas the basic rate of K205Awas 4-fold enhanced relative to
wild type, the rate obtained in the presence of 1mMATPwas, in
fact, 2-fold lower than that of the wild type. Similarly, for
K205E, the basic rate was 8-fold enhanced relative to the wild
type, and the rate obtained in the presence of 1 mM ATP was
wild type-like. Remarkably, the affinity for the inhibition by
ATP of E2P dephosphorylation in K205A was 33 �M, i.e. iden-
tical to the affinity for the stimulation of E2P dephosphoryla-
tion by ATP in the wild type (K0.5 � 34 �M). The K0.5 of K205E
was only 3-fold higher (i.e. lower affinity) than that of the wild
type.

TABLE 3
Affinity constants and enhancement factors for the modulation of partial reactions by nucleotide and PPi

Ca2E1P3 E2Pa

MgATP
E2P3 E2b

ATP
E2P3 E2c

PPi

HnE23 Ca2E1d
MgATP

K0.5 kmax/k0 K0.5 kmax/k0 K0.5 kmax/k0 K0.5 kmax/k0
mM �M mM �M

Wild type 1.35 5.0 34 2.4 3.0 4.7 37 34
R174A NMe 258 4.9 1.7 3.5 29 17
R174E NM 	500 	3 LA 	2 28 9
I188A 0.85 7.5 NM 1.5 2.4 37 27
I188F 0.46 6.2 77 4.6 2.2 6.0 �96f 	14
K204A 1.17 4.4 62 2.3 2.0 3.2 44 32
K205A LAg 	1.7 33 0.32 NM 38 30
K205E NM 107 0.26 NM �95f 	14

a Affinity constants and enhancement factors for MgATP modulation of Ca2E1P3 E2P were derived from the analysis of the data presented in Fig. 4.
b Affinity constants and enhancement factors for ATP modulation of E2P dephosphorylation were derived from the analysis of the data presented in Fig. 5.
c Affinity constants and enhancement factors for PPi modulation of E2P dephosphorylation were derived from the analysis of the data presented in Fig. 6.
d Affinity constants and enhancement factors for MgATP modulation of HnE23 Ca2E2 were derived from the analysis of the data presented in Fig. 7.
e NM, no significantmodulationwas observed over the concentration range of the substrate studied. This could in principlemean very low affinity or that binding occurs without
being productive (i.e. kmax/k0 �1).

f For I188F and K205E, which display wild type-like basic rates (k0) of HnE23 Ca2E1 (cf. Table 1), the K0.5 value for the modulation by MgATP of HnE23 Ca2E1 was deduced
under the assumption that the kmax is also wild type-like.

g LAmeans low affinity. Here, kmax 	 k0, but the rate did not reach a constant level within the concentration range of substrate applied, thus excluding reliable evaluation of an
affinity constant.
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Modulation of E2P Dephosphorylation by PPi—Millimolar
concentrations of PPi (pyrophosphate) exert a stimulatory
effect on the overall ATP turnover rate, resembling the low
affinity effect of ATP/MgATPonATPase activity (58). Further-
more, PPi has been shown to competitively inhibit the binding
of both ATP and the phosphate transition-state analogue van-
adate to Ca2�-deprived E2, in either case with an affinity
around 1–2 mM (58–60), suggesting overlapping binding sites
for PPi, vanadate, and the modulatory nucleotide.
To study the ability of PPi to modulate E2P3 E2, we meas-

ured the PPi dependence of the rate of E2P dephosphorylation.
The method was essentially the same as that described above
for the ATP dependence of E2P dephosphorylation, except that
ATP was replaced by PPi. The results are shown in Fig. 6, with
the time courses at selected PPi concentrations depicted in sup-
plemental Fig. S6, and the PPi affinities and enhancement fac-
tors derived from fits of a hyperbolic function to the data listed
in Table 3 (columns labeled “E2P3 E2, PPi”). It is seen in Fig. 6
that the rate of E2P dephosphorylation of the wild type is accel-

erated by PPi with an affinity constant of 3mM and an enhance-
ment factor of 4.7. K204A and R174A deviated only marginally
from wild type with respect to affinities and enhancement fac-
tors. R174E displayed 2.3-fold higher rate at 5mMPPi than in its
absence and a significantly reduced PPi affinity (an affinity con-
stant could not, however, be derived for R174E, because the
dephosphorylation rate did not reach a steady level within the
concentration range of PPi applied). I188A and I188F both dis-
played affinities for PPi at least as high as that of the wild type,
although the enhancement factor of I188A was only 2.4 com-
pared with 6.0 for I188F. The ability of I188A to undergo PPi-
induced stimulation of E2P dephosphorylation sharply con-
trasts its insensitivity to ATPmodulation, suggesting that Ile188
contributes to ligation of the adenosine moiety of the modula-
tory ATP in E2P. Neither K205A nor K205E were able to
undergo PPi-induced stimulation of E2P3 E2, both mutants
displaying a rather constant high E2P dephosphorylation rate
throughout the PPi concentration range studied.
HnE2 3 Ca2E1 Transition and Its Modulation by MgATP—

The rate of the Ca2� binding transition of the dephosphoen-
zyme (i.e. HnE2 3 Ca2E1, involving proton dissociation and

FIGURE 5. ATP dependence of the rate of dephosphorylation of E2P. The
dephosphorylation rate constants derived from the data in supplemental Fig.
S5 and from data obtained in a similar way at other ATP concentrations in the
chase medium are shown here as a function of the ATP concentration. Note
the different scales on the ordinate in the different panels, reflecting
the marked effects of some of the mutations on the dephosphorylation rate.
Note also the different scales on the abscissa for R174A and R174E, reflecting
the reduced ATP affinity of these two mutants. The lines represent the best fits
of the hyperbolic function described under “Experimental Procedures” (see
Equation 1), the derived parameters being listed in Table 3 (column E2P3 E2,
ATP). The broken lines correspond to the wild type curve from the top left
panel.

FIGURE 6. PPi dependence of the rate of dephosphorylation of E2P. The
dephosphorylation rate constants derived from the data in supplemental Fig.
S6 and from data obtained in a similar way at other PPi concentrations in the
chase medium are shown here as a function of the PPi concentration. Note
the different scales on the ordinate in the different panels. The lines represent
the best fits of the hyperbolic function described under “Experimental Proce-
dures” (see Equation 1), the derived parameters being listed in Table 3 (col-
umn E2P3 E2, PPi). The broken lines correspond to the wild type curve from
the top left panel.
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Ca2� binding) was first examined in the absence of nucleotide.
The wild type or mutant enzyme was pre-equilibrated in the
absence of Ca2� at pH 6 to accumulate the E2 state, followed by
incubationwith excess Ca2� for varying time intervals and sub-
sequent incubation with [�-32P]MgATP for 34 ms. This assay
takes advantage of the fact that only the Ca2E1 state can be
phosphorylated by MgATP (61) and that the phosphorylation
step is much faster than the preceding deprotonation and Ca2�

binding conformational changes for mutants as well as wild
type (cf. Table 1). The amount of phosphoenzyme obtained for
each time interval of Ca2� incubation thus reflects the amount
of Ca2E1 present prior to the addition of [�-32P]MgATP. The
time courses of HnE2 3 Ca2E1 obtained from such experi-
ments are shown in supplemental Fig. S7A, and the rate con-
stants derived from fits of a monoexponential function to the
data are listed in Table 1 (column labeled “HnE2 3 Ca2E1”).
Only R174E displayed a basic rate of HnE23 Ca2E1 deviating
more than 2-fold from that of the wild type (2.7-fold enhanced
rate).
Next, we studied the ability of MgATP to accelerate HnE23

Ca2E1. The enzyme was again pre-equilibrated in the absence
of Ca2� at pH 6 to accumulate HnE2, and theHnE23Ca2E13
Ca2E1P reaction sequence was then followed by simultaneous
addition of excess Ca2� and varying concentrations of
[�-32P]MgATP, with subsequent acid quenching at varying
time intervals. The resulting time courses obtained at selected
MgATP concentrations are shown in supplemental Fig. S7B. As
noted above, the Ca2� binding transition is considerably slower
than the subsequent phosphorylation step at pH 6 for wild type
as well as mutants (cf.Table 1), and the observed time course of
phosphoenzyme formation thus reflects the rate of HnE2 3
Ca2E1. In Fig. 7, the measured rate constants are shown as a
function of the MgATP concentration, and Table 3 lists the
MgATP affinity constants (K0.5) and enhancement factors
(kmax/k0) derived from fits of a hyperbolic function to the data
(columns labeled “HnE23Ca2E1,MgATP”). For the wild type,
the MgATP affinity determined was 37 �M with an enhance-
ment factor of 34, in good agreement with our previously pub-
lished values (30). The parameters derived from the analysis of
I188A, K204A, and K205A were almost identical to those
obtained with the wild type. R174A and R174E displayed wild
type-like MgATP affinities, but 2.0- and 3.8-fold reduced
enhancement factors, respectively, possibly related to their
respective 2- and 3-fold enhanced basic rates of HnE23Ca2E1
(Table 1). I188F and K205E both displayed reduced MgATP
affinity. Thus, in both mutants the basic rate of HnE23 Ca2E1
was almost identical to that of wild type, whereas the rates
measured atMgATP concentrations in the 5–50�M rangewere
significantly reduced. The low MgATP affinities of I188F and
K205E excluded an accurate determination of the affinity con-
stants for these two mutants. However, assuming that the kmax
value of I188F andK205E is wild type-like (i.e. corresponding to
wild type-like enhancement factors, because of the fact that the
k0 is wild type-like for both mutants), their K0.5 for MgATP
would be�100�M (Table 3), i.e. 3-fold reducedMgATPaffinity
relative to wild type.

DISCUSSION

Here we have investigated the functional consequences of
mutations to Arg174, Ile188, Lys204, and Lys205 in the A-domain
of the Ca2�-ATPase, and the results demonstrate that the
A-domain is an important player in the function of ATP as
nonphosphorylating modulator of the partial reaction steps,
with Arg174, Ile188, and Lys205 all being critically involved in the
stimulation of phosphoenzyme processing by nucleotide,
although in different ways.
The crystal structures of the Ca2�-ATPase provide useful

(although not necessarily perfect)models of the various confor-
mational states of the enzyme cycle, and for the present purpose
of discussing themutational effects on nucleotide interaction, it
is helpful to consider the arrangement of the nucleotide binding
region in the crystal structures in some detail, in particular the
contribution of the A-domain (Fig. 8). During the transport
cycle, the A-domain undergoes quite dramatic movements rel-
ative to the N- and P-domains. The intermediates Ca2E1�ATP
and Ca2E1P�ADP are represented by the crystal structures of
Ca2E1�AMPPCP (5, 7) and Ca2E1P�AMPPN (11), respectively,
the �-phosphate of AMPPNP being transferred to Asp351 in the
latter. In these structures, residues in the N- and P-domains

FIGURE 7. MgATP dependence of the rate of the Ca2� binding transition.
The HnE23 Ca2E1 rate constants derived from the data in supplemental Fig.
S7 and from data obtained in a similar way at other MgATP concentrations in
the phosphorylation medium are shown here as a function of the MgATP
concentration. The lines represent the best fits to the data of the hyperbolic
function described under “Experimental Procedures” (see Equation 1), the
derived parameters being listed in Table 3 (column HnE23 Ca2E1, MgATP).
The broken lines correspond to the wild type curve from the top left panel.
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form a tight complex with the nucleotide at the catalytic site,
whereas the A-domain does not contribute to nucleotide bind-
ing (Fig. 8, upper left panel), in good agreement with our data
showing that for all the mutants analyzed functionally here the
rate of phosphorylation of Ca2E1 from a subsaturating concen-
tration of MgATP was indistinguishable from that of the wild
type. Following Ca2E1P formation, an �90° clockwise rotation
(viewed from the cytoplasm) of the A-domain in a plane
roughly parallel to themembrane allows for the insertion of the
conserved 181TGES phosphatase motif (38) of the A-domain
into a cleft formed between the P- and N-domains, leading to
the E2P ground state (represented by the E2�BeF3
 crystal
structure (10, 11) shown in Fig. 8, upper right panel). The
E2�BeF3
 structure was obtained in the absence of nucleotide;
however, docking ofADPorATP into the structure on the basis

of a structural alignment of the
N-domain provided a “snug fit” with
Arg174 binding the nucleotide (11).
During the Ca2E1P 3 E2P transi-
tion ADP dissociates from the cata-
lytic site (whether ADP actually dis-
sociates before (10) or after (11, 62)
the A-domain rotation is not clear).
Moreover, the A-domain rotation
leads to opening of the Ca2� sites
toward the lumen and release of the
Ca2� ions (56). In E2P, a subsequent
further �25° rotation of the A-do-
main brings Glu183 in the 181TGES
motif in position for binding the
water molecule attacking the aspar-
tyl phosphate (38), thus resulting in
initiation of the hydrolysis by
formation of the E2�P transition
state (represented by the E2�
AlF4
�AMPPCP crystal structure
(11) shown in Fig. 8, lower right pan-
els). In the latter structure, the side
chains of Arg174, Ile188, and Lys205
are closely associated with the
bound nucleotide in good agree-
ment with our findings of muta-
tional effects on ATPmodulation of
E2P dephosphorylation. The libera-
tion of the phosphoryl group from
the catalytic site seems to be accom-
panied by the N-domain swinging
back down upon the P-domain, the
181TGES motif in the A-domain
leaving the catalytic site and Arg174,
Ile188, and Lys205 retreating from
their association with the nucleo-
tide (cf.Fig. 8, lower left panel, show-
ing the E2�AMPPCP crystal struc-
ture (9), representing E2�ATP).
Completion of the cycle is associ-
atedwith a reversal of theA-domain
rotation during the Ca2�-binding

HnE23Ca2E1 transition (4). The role of themodulatory nucle-
otide in connection with HnE2 3 Ca2E1 is probably to help
release the A-domain from the P-domain by interfering with
inter-domain bonds (30). Our results indicating that alanine
mutations toArg174, Ile188, Lys205, and Lys205 do not disturb the
modulation of the HnE2 3 Ca2E1 transition by nucleotide
are in good accordance with the E2�AMPPCP structure,
where these A-domain residues neither bind to the nucleo-
tide nor to the P-domain (Fig. 8, lower left panel).
Role of Arg174—The quite moderate effects of the R174A

mutation on the basic rates of Ca2E1P3 E2P, E2P3 E2, and
HnE23 Ca2E1 suggest that the Arg174 side chain is of minor
mechanistic importance for the progression of the confor-
mational transitions of the enzyme cycle in the absence of
modulation by nonphosphorylating nucleotide, although the

FIGURE 8. Structural arrangement of Arg174, Ile188, Lys204, and Lys205 in relation to the nucleotide-bind-
ing site in Ca2�-ATPase crystallized in the Ca2E1P�ADP state (Ca2E1P�AMPPN), the E2P state (E2�BeF3

�),
the E2�P�ATP transition state (E2�AlF4

��AMPPCP), and the E2�ATP state (E2�AMPPCP). The respective Pro-
tein Data Bank accession codes corresponding to the structures shown are 3BA6 (11), 3B9B (11), 3B9R (11), and
2C88 (9). Amino acid side chains are shown for residues discussed in the text. Carbon and aluminum atoms are
shown in gray, beryllium in green, nitrogen in blue, oxygen in red, fluoride in cyan, and phosphorus and nucle-
otide in orange (except in the boxed close-up view of the nucleotide site in E2�AlF4


�AMPPCP, in which the
nucleotide is shown with carbon atoms in gray, oxygen in red, nitrogen in blue, and phosphorus in orange).
Arrows indicate the direction of the enzyme cycle. The phosphorylation, nucleotide binding, and actuator
domains are indicated by “P,” “N,” and “A,” respectively.
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significant slowing of phosphoenzyme processing in R174E
indicates that Arg174 does approach other parts of the
enzyme during the A-domain transitions. In the E2�BeF3


structure (E2P ground state analog) the side chain of Arg174
is indeed only 4.2 Å from that of Glu439 of the N-domain
(upper right panel in Fig. 8).
BothR174A andR174Ewere severely affectedwith respect to

modulation byMgATP of the Ca2E1P3 E2P transition (Fig. 4).
Moreover, both R174A and R174E displayedmarkedly reduced
affinity for ATPmodulation of E2P dephosphorylation (Fig. 5).
In contrast, the ability to undergo PPi-induced stimulation of
E2P dephosphorylation was rather unaffected by the R174A
mutation and even occurred to a significant extent in R174E,
although the affinity for PPi was significantly reduced in R174E
(Fig. 6), showing that the PPi senses the negative charge of the
glutamate side chain. These observations support the hypoth-
esis that the role of Arg174 in nucleotidemodulation of Ca2E1P3
E2P and E2P dephosphorylation relates to direct interactions
with the nucleotide. Because PPi may be considered represent-
ative of the phosphate moiety of ATP, it appears that, at least in
connectionwith themodulation ofE2P dephosphorylation, it is
the adenosine part of the nucleotide that interacts with Arg174,
thereby providing a functional correlate of the close proximity
of Arg174 to the adenine ring seen in the E2�AlF4
�AMPPCP
structure (E2�P transition state analog, Fig. 8, lower right
panels).
Role of Ile188—The reduced basic rate of Ca2E1P 3 E2P in

I188A suggests that Ile188, like Arg174, may interact with other
parts of the enzyme during the Ca2E1P 3 E2P transition.
MgATP modulation of Ca2E1P 3 E2P in I188A and I188F
occurred with affinities and enhancement factors at least as
high as that of wild type, indicating that Ile188 is not crucial to
the interaction with the nucleotidemodulating Ca2E1P3 E2P.
In contrast, the stimulation by ATP of E2P dephosphorylation
was completely abolished in I188A. I188F, on the other hand,
displayed only a moderate 2-fold reduction of affinity for the
modulation by ATP of E2P dephosphorylation, showing that a
bulky hydrophobic side chain at position 188 is a prerequisite
for ATPmodulation of this reaction step. Contrasting the con-
spicuous effect of the I188A mutation on the modulation by
ATP, the affinity of I188A for the PPi-induced modulation of
E2P dephosphorylation was at least as high as that of the wild
type. Hence, Ile188 may contribute directly to the binding of the
adenosine moiety of the modulatory nucleotide in the E2�P
transition state. In the E2�AlF4
�AMPPCP crystal structure
Ile188 is indeed closer to the adenine ring than to other parts of
the nucleotide (lower right panels in Fig. 8).
Role of Lys204—The effect of the Lys204mutations on the pro-

tein expression level in COS-1 cells suggests that Lys204 is a
critical residue for post-transcriptional or post-translational
events. Because Lys204 is mostly buried within the A-domain
(Fig. 8), itmay be of importance for the folding of theA-domain.
The functional studies carried out with K204A generally
showedwild type-like behavior, in particularwith respect to the
modulation by nucleotide of the partial reactions, in accord-
ance with the Lys204 side chain facing in the opposite direction
relative to Arg174, Ile188, and Lys205, i.e. away from the nucleo-
tide in the E2 forms.

Role of Lys205—Contrary to Lys204, the Lys205 side chain is
unmistakably critical for the phosphoenzyme processing steps,
as evidenced by the enhanced basic rates of Ca2E1P3 E2P and
E2P dephosphorylation in K205A and K205E (Table 1). Even
more intriguing are the effects of themutations to Lys205 on the
modulation by MgATP/ATP of phosphoenzyme processing.
Thus, K205A displayed rather low affinity for modulation by
MgATP of Ca2E1P3 E2P, and in K205E there was almost no
MgATP modulation of Ca2E1P 3 E2P (Fig. 4). Remarkably,
rather than stimulating the dephosphorylation of E2P, as seen
for wild type, ATP inhibited this partial reaction step in K205A
and K205E (Fig. 5). The affinity of K205A for the inhibition by
ATP of E2P dephosphorylation was indistinguishable from the
affinity of the wild type for the stimulation by ATP of E2P
dephosphorylation (Table 3), and the affinity of K205Ewas only
3-fold lower, showing that Lys205 is not very critical for the
binding of the nucleotide modulating E2P dephosphorylation,
even though it is only 3.8 Å from the terminal phosphate of
AMPPCP in the E2�AlF4
�AMPPCP structure and may interact
through salt bridge formation (lower right panels in Fig. 8). Such
interaction could, of course, require breakage of other bond(s)
to the nucleotide, thereby explaining the unaltered affinity
upon alanine substitution of Lys205. Hence, the importance of
Lys205 in connection with E2P dephosphorylation may lie
mostly in the mechanistic aspects, like transmittance of the
effect of binding of ATP to the A-domain (see below), and
not somuch in contributing to the affinity for the nucleotide.
The finding that in K205A and K205E the E2P dephospho-
rylation was not stimulated by PPi either is consistent with a
mechanistic role of the interaction of Lys205 with the phos-
phate group, and it could mean that Lys205 is absolutely
essential to PPi binding.
Sites and Possible Mechanisms of the Modulatory Actions of

Nucleotide on the Phosphoenzyme Processing Steps—It has been
a controversial issue whether the ATPmodulation of the Ca2�-
ATPase reaction cycle represents binding to a site (or sites)
separate from the catalytic site (35, 36), and whether more than
one ATP molecule might bind simultaneously on each Ca2�-
ATPase polypeptide chain (28, 33, 34). Our previous finding
that the residues Phe487, Arg560, and Arg678 contributing to the
binding of the phosphorylating ATP at the catalytic site are also
critical for the stimulation by ATP of E2P dephosphorylation
clearly indicated some degree of overlap between the catalytic
site and the modulatory nucleotide site on E2P (or the E2�P
transition state), but on the other hand these residues did not
seem to contribute to binding of the MgATP molecule that
modulates Ca2E1P3 E2P (30). The present findings with the
Ile188 mutants likewise indicate that Ile188 is required for the
binding of the ATP molecule modulating E2P dephosphoryla-
tion, whereas Ile188 is not important forMgATPmodulation of
Ca2E1P3 E2P, again suggesting that two different modulatory
sites could be involved.Our data for Arg174 show, however, that
this residue is critical to nucleotide modulation of either of
these phosphoenzyme processing steps, thereby indicating a
significant overlap between the two nucleotide sites involved
with Arg174 contributing to both. Lys205 also seems to be
involved in nucleotide modulation of Ca2E1P3 E2P as well as
E2P dephosphorylation, being a rather critical determinant of
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the affinity for the MgATP modulating Ca2E1P 3 E2P and
playing a more mechanistic role in connection with the ATP
modulation of E2P dephosphorylation. Both roles may be
exerted through direct interactionwith the nucleotide. Accord-
ingly, none of the crystal structures published so far contains
more than one nucleotide per Ca2�-ATPase polypeptide chain,
and in all cases the nucleotide is found in the same region of the
protein. Taken together the data thus support a variable site
model (37), in which the site is reconfigured from slightly dif-
ferent portions of the P-, N-, and A-domains in each of the
conformational states occurring during the transport cycle.
Themodulatory nucleotide probably binds and dissociates sev-
eral times in each major intermediate.
Although Arg174 and Lys205 are outside the possible range of

interactions with nucleotide in the Ca2E1P state, we neverthe-
less found that both residues are critical for the nucleotide
modulation of Ca2E1P 3 E2P, implying that the modulation
does not involve a destabilization of Ca2E1P, but rather a stabi-
lization of one ormore of the subsequentE2-type intermediates
where theA-domain has undertaken its�90° rotation, bringing
Arg174 and Lys205 into contact with the nucleotide. Stabiliza-
tion of Ca2E2P (a proposed intermediate state between Ca2E1P
and E2P (56)) relative to Ca2E1P would indeed cause slowing of
the back-reaction Ca2E2P3 Ca2E1P and thus increase the net
rate of the forward transition from Ca2E1P to E2P. It seems
likely thatATP/MgATPbound in exchange for the leavingADP
may assist in stabilizing Ca2E2P relative to Ca2E1P by bridging
the interactions of the A-domain with the P- andN-domains. It
emerges from our discussion that Arg174 and Lys205 would
interact with the modulatory nucleotide in Ca2E2P as well as in
theE2�P transition state in theE2P dephosphorylation reaction,
whereas Ile188 seems to interact with the nucleotide only in the
E2�P transition state.
In the E2�P transition state the modulatory ATP may help to

position the TGES motif of the A-domain in the optimal posi-
tion for catalyzing hydrolysis of the aspartyl-phosphoryl bond.
This leads us into an attempt to explain the compelling reversed
mode of ATP modulation and the enhanced basic rate of E2P
dephosphorylation found with K205A and K205E. In the
E2�AlF4
�AMPPCP structure analog of the E2�P transition state,
Lys205 is rather close to the side chain of Val187 and the back-
bone carbonyl group of Ile188, both being part of the loop con-
taining the TGES motif (see close-up view in Fig. 8). Hence,
interferencewith Lys205, either by nucleotide binding (probably
fixing the lysine side chain) or by mutation, likely shifts the

critical TGES loop, thus altering the rate of catalysis. Such
effectswould not be additive, because replacement of the Lys205
side chain prevents ATP from influencing the position of the
TGES loop through this residue. Furthermore, if the nucleotide
binds in a slightly different way in the mutant than in the wild
type, because the Lys205 side chain has been replaced, then the
positioning of the TGES loop for catalysis might even be dis-
turbed rather than optimized by the nucleotide, thus explaining
the nucleotide-induced inhibition of dephosphorylation in the
Lys205 mutants.

The inhibition in the mutant Ca2�-ATPases brings to mind
the situation in the wild type Na�,K�-ATPase, for which it is
well documented (31, 32) that E2P dephosphorylation is inhib-
ited by nucleotide, and it also demonstrates that the opposite
behaviors of the wild type Ca2�- and Na�,K�-ATPases in
response to ATP may be caused by rather subtle differences
between these enzymes. A survey of the available P-type
ATPase amino acid sequences and crystal structures (see sup-
plemental Fig. S8 and associated table) clearly indicates a high
conservation of positively charged residues corresponding to
Arg174 and Lys205 among both the type IIA (SERCA) Ca2�-
ATPases and the type IIC (Na�,K�- and H�,K�-) ATPases,
thus illustrating that their different responses toATP is because
of differences elsewhere; perhaps the presence of a polar serine
or threonine in the Na�,K�-ATPase at the position corre-
sponding to Ile188 in the Ca2�-ATPase slightly changes the
position of themodulatory ATPmolecule and thereby its mode
of interaction.
Conclusion—The A-domain is critically involved in

the modulatory effects of MgATP/ATP on the rates of
Ca2E1P 3 E2P and E2P dephosphorylation. Arg174 is an
important residue for binding of the modulatory nucleotide
in both of these phosphoenzyme processing steps, whereas
Ile188 interacts only with the ATP that modulates E2P
dephosphorylation. Lys205 seems to be involved differen-
tially in nucleotide modulation of Ca2E1P 3 E2P and E2P
dephosphorylation (Table 4).
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TABLE 4
Conclusions regarding the functional roles of the amino acid residues studied

Residue
Partial reaction

Ca2E13 Ca2E1P Ca2E1P3 E2P E2P3 E2 HnE23 Ca2E1
Arg174 No prominent role Contribution to binding of modulatory

MgATP
Contribution to binding of the adenosine moiety
of modulatory ATP

No prominent role

Ile188 No prominent role Critical for basic rate (reduced in alanine
mutant) but not for modulation by
MgATP

Contribution to binding of the adenosine moiety of
modulatory ATP

No prominent role

Lys204 No prominent role No prominent role No prominent role No prominent role
Lys205 No prominent role Critical for basic rate (enhanced in mutants);

contribution to binding of modulatory
MgATP

Critical for basic rate (enhanced in mutants);
critical for the modulatory effect of ATP
binding (transmitted through phosphate
moiety) with anomalous inhibition
seen in mutants

No prominent role
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