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ABSTRACT: Twenty five amino acids within the “N”, “P”, and “A” domains of the Ca2+ ATPase (SERCA1)
headpiece were subjected to site directed mutagenesis, taking advantage of a high yield expression system.
Functional and conformational effects of mutations were interpreted systematically in the light of the
high resolution WT structure, defining direct involvement in catalysis as well as in stabilization of various
positions acquired by each domain upon substrate binding and utilization. Amino acids involved in binding
of ATP (such as Phe487 and Arg560 in the N domain) or phosphate (such as Asp351, Thr625, Lys684,
and Thr353 in the P domain) were characterized with respect to their binding mechanism. Further identified
were “positional” roles of several amino acids that stabilize neighboring residues for optimal binding of
substrate or Mg2+, or interface between headpiece domains as they change their relative positions in the
course of the catalytic cycle. These include cross-linking of the “N” and “P” domains (e.g., Arg560/
Asp627 salt bridge to stabilize domain approximation by ATP binding), and stabilization of the “A”,
“N”, and activated “P” domains in arrangements differing from the ground E2 state and driven by catalytic
events. This stabilization is produced through hydrogen bonds at domain interfaces, which vary depending
on the intermediate state (e.g., Glu486/T171 in E1P and E2P, as opposed to Glu486/H190 in E2). We
demonstrate that specific arrangements of the headpiece domains shown in crystal structures are, in fact,
required to trigger displacement of transmembrane segments during the enzyme cycle in solution, allowing
long range linkage of catalytic and Ca2+ binding functions.

The sarco-endoplasmic reticulum Ca2+ ATPase (SERCA)
is an integral membrane bound protein that sustains active
transport of Ca2+, coupled to utilization of ATP. The catalytic
and transport cycle includes a number of sequential steps,
beginning with activation of the enzyme ground state (E2)
by high affinity binding of 2 Ca2+ (E1‚2Ca2+), followed by
utilization of ATP to form a phosphorylated enzyme
intermediate (ADP‚E1P‚2Ca2+). Dissociation of ADP and
isomerization of phosphoenzyme from E1P‚2Ca2+ to E2P‚
2Ca2+ then promote vectorial dissociation of the bound Ca2+.
Finally, the cycle is completed by hydrolytic cleavage of Pi

from E2P (1).

The ATPase sequence includes 994 amino acids (2)
arranged in 10R-helical segments within the transmembrane
region, and three headpiece domains (“N”, “P”, and “A”)
protruding from the cytosolic surface of the membrane.
Separation, rotation, and gathering of the three cytosolic
domains, as well as displacement and bending of the
transmembrane segments, occur in concomitance with the
sequential steps of the ATPase cycle. These changes were
revealed by structural analysis of E2(TG) (PBD accession

number 1IWO), E1‚2Ca2+ (ISO4), E1‚AMP-PCP1 (1VFP;
1T5S), E1‚AlFx‚ADP (1WPE), and E2‚MgF4

2- (1WPG)
crystals (3-7), in which AMP-PCP is an unhydrolyzable
analogue of ATP, whereas AlFx and MgF4

2- are stable
analogues of phosphates. Conformational heterogeneity has
been observed in solution as well, in agreement with the
crystallographic definition of different states (8).

Detailed characterization of the Ca2+ binding and occlusion
mechanism within the transmembrane region was provided
by mutational (9-13) and crystallographic analysis (3, 5).
Furthermore, a significant level of information has been
obtained on the ATPase headpiece, identifying residues
involved in nucleotide binding (“N” domain), phosphoen-
zyme formation (“P” domain), and various catalytic reactions
(3, 14-22). We are here reporting an extensive mutational
analysis of the headpiece domain, interpreted in the light of
high resolution WT structure to examine in detail the catalytic
and/or positional roles of amino acids in the “N”, “P”, and
“A” domains (Figure 1). Taking advantage of a high yield
recombinant ATPase expression system, we examine steady
state ATPase activity and phosphorylation by ATP or Pi, as
well as the protection effect of AMP-PCP and AlFx against
proteinase K digestion in the presence of Ca2+. The primary
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digestion site is located at Thr242 (Figure 1), on the loop
connecting the M3 transmembrane helix and the A domain.
This protection is realized apparently by tilting of the A
domain and stressing of the M3-A domain. From the
crystallographic study (5), it is clear that the P-domain
distortion is necessary for the tilting but ambiguous to what
extent the N domain contributes. Since Ca2+-ATPase is a
member of the haloacid dehalogenase superfamily (23), high
resolution structures of phosphoserine phosphatase (24),
another member of the same superfamily, are also consulted
for the residues in the P domain.

MATERIALS AND METHODS

Recombinant ATPase was obtained by exogenous gene
expression in COS-1 cells infected with adenovirus vectors
carrying chicken WT or mutated SERCA1 cDNA (25).
Adenovirus construction, site directed mutagenesis, COS-1
cell culture methods, and preparation of microsomal fractions
were previously described (26). Protein concentration was
measured using bicinchoninic acid with the biuret reaction
(Pierce).

ATPase hydrolytic activity was measured in the presence
of 20 mM MOPS, pH 7.0, 80 mM KCl, 3 mM MgCl2, 0.1
mM CaCl2, 5 mM sodium azide, 3µM ionophore A23187,
and 10 µg of microsomal protein/mL. The reaction was
started by adding 3 mM ATP, and samples were collected
at serial times for Pi determination by the colorimetric method
of Lanzetta et al. (27). The activity inhibited by thapsigargin
was considered to be specific SERCA ATPase.

Phosphoenzyme formation with ATP was obtained in
reaction mixtures containing 20 mM MOPS, pH 7.0, 80 mM
KCl, 1 mM MgCl2, 20 µM CaCl2, 30 µg of microsomal
protein/mL, and 5µM (γ-32P)ATP (ice cold). Following 10

s incubation in ice, the reaction was quenched with perchloric
acid (1 M final concentration). Phosphoenzyme formation
with Pi was obtained in reaction mixtures containing 25 mM
MES, pH 6.2, 5 mM Mg Cl2, 2 mM EGTA, 20% Me2SO4,
0.2 mM (32P)Pi, and 30 µg of microsomal protein/mL.
Following 10 min incubation at 30°C, the reaction was
quenched with (ice cold) perchloric acid (1 M final concen-
tration). In all cases BSA (100µg) was added to each
phosphoenzyme sample as a carrier protein, and the samples
were washed by centrifugation and resuspension with 0.125
M perchloric acid (twice), and once with cold water. The
final sediments were solubilized with 2% lithium dodecyl
sulfate (1%), MES (10 mM), pH 6.2, glycerol (50%), and
bromophenol blue (0.025%). The samples were then sub-
jected to electrophoretic separation (28) on 7.5% gels, and
the phosphoenzyme was detected by phosphoimaging. In all
experiments, the concentration of microsomal protein was
corrected to reflect the same ATPase protein concentration,
based on Western blot analysis.

Experiments on limited proteolytic digestion of ATPase
with proteinase K were performed in media containing 50
mM MOPS, pH 7.0, 50 mM NaCl, 5 mM MgCl2, 2 mM
EGTA, 2.1 mM CaCl2, 1.2 mg of microsomal protein, and
0.04 mg of proteinase K/mL. When indicated, AMP-PCP
(1 mM), or AlCl3 (50 µM) and NaF (2 mM) were added 30
min before starting the reaction. The concentration of
recombinant ATPase was adjusted to the same level in all
the experiments on the basis of ATPase estimates obtained
from Western blots, and compensated with empty mi-
crosomes. The reaction was allowed to proceed at 25°C and
quenched at serial times by the addition of trichloroacetic
acid to yield a final 2.5% concentration. The quenched
protein was then solubilized by adding sodium dodecyl

FIGURE 1: View (stereo) from the top of the ATPase headpiece in the E1‚2Ca2+ crystal structure (PDB accession code 1SU4). Colors
change gradually from the N-terminus (blue) to the C-terminus (red); thus, “A”, “P”, and “N” domains appear in different colors. The
residues in the A and N domains subjected to mutational analysis are shown in ball-and-stick. Some of the mutated residues in the P
domain are not shown. Different lines represent interdomain interactions in different conformational states (pink, E1‚ATP-E1‚P; orange,
E2P; brown, E2). Labels in gray refer to the residues that were not mutated but are likely to be involved in interdomain interactions. ATP
in the extended conformation that was observed with E1‚AMP-PCP crystals is shown with purple sticks. Prepared with Molscript (39).
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sulfate (1%), Tris (0.312 M), pH 6.8, sucrose (3.75%),
â-mercaptoethanol (1.25 mM), and bromophenol blue
(0.025%). The samples were then subjected to electrophoretic
separation (29) on 12.5% gels followed by staining with
Coomassie Blue or Western blotting. For this purpose, the
monoclonal antibody mAb CaF3-5C3 to the chicken SER-
CA-1 protein and goat anti-mouse IgG-horseradish peroxi-
dase-conjugated secondary antibodies were used, followed
by densitometry of the bands visualized with an enhanced
chemiluminescence-linked detection system (Amersham Bio-
science).

RESULTS

Twenty-five amino acid residues were subjected to site
directed mutagenesis within the “N”, “P”, and “A” domains
of the ATPase (Table 1). Expression of recombinant protein
was obtained from COS1 cells infected with adenovirus
vectors that carried WT or mutated cDNA encoding the
ATPase under control of the CMV promoter. Electrophoretic
analysis of microsomes obtained from infected cells shows
a prominent ATPase band (Figure 2). No corresponding band
was observed in microsomes obtained from cells infected
with empty vectors. The high content of recombinant ATPase
allowed measurements of ATPase activity and partial reac-
tions using the native microsomal preparation, with no need
for purification and reconstitution in artificial proteolipo-

somes. Mutant protein was expressed at levels equal to, or
10-40% below, the levels of WT protein, but in all cases
sufficient for the experimentation described below. Mi-
crosomes derived from infected cells sustained Ca2+ de-
pendent and thapsigargin sensitive ATPase activity (Figure
3A). For each specific sample, the activity was related to
the ATPase expression level revealed by Western blots, with
reference to a WT sample. We also measured steady state
levels of phosphoenzyme obtained by utilization of ATP in
the presence of Ca2+, as well as equilibrium levels of
phosphoenzyme obtained by reaction with Pi in the absence
of Ca2+. Finally, we evaluated whether nucleotide or fluo-
roaluminate binding protected the ATPase from digestion
by proteinase K (30). For this purpose, we used an inactive
ATP analogue (AMP-PCP) that produces the conformational
effect of nucleotide binding without being utilized for the
phosphoryl transfer reaction. We also studied protection from
proteinase K upon fluoroaluminate binding, which yields a
stable analogue of the phosphoenzyme intermediate E1P (31).
We reasoned that nucleotide or fluoroaluminate binding in
the presence of Ca2+ would yield conformational states that
correspond to important steps for ATPase activation and
energy transduction, i.e., substrate induced conformational
fit (32) and Ca2+ occlusion following phosphorylation (13).

The proteinase K digestion sites (Lys119 and Thr242)
reside in the loop connecting the “A” domain to transmem-
brane segments M2 and M3, respectively, and their protection
reflects “A”-domain tilting produced by nucleotide binding
and/or phosphoenzyme formation by ATP. It should be
pointed out that incubation of WT enzyme with proteinase
K produces ATPase inactivation, which is prevented by
AMP-PCP or fluoroaluminate in parallel with protection from

Table 1: Listing of SERCA1 Headpiece Mutations Produced for
This Study and Their Functional Consequencesa

domain sample ATPase EP(ATP) EP(Pi) Prot(N) Prot(Al)

WT 1.0 1.0 1.0 1.0 1.0
N D426A 0.39 0.40 0.63 0 1.0
N E486A 0.40 0.38 0.52 0 1.0
N F487A 0.23 0.05 0.71 0 1.0
N R489A 0 0.40 0.34 3.0 0.9
N R560A 0.2 0.03 0.71 0 1.0
N D601N 0 0.18 0.07 0.2 0.9

P D351N 0 0.03 0.03 1.2 0
P D351A 0 0 0 5.0 0
P K352A 0 0.09 0.04 0 0.5
P T353A 0.35 0.25 0.19 0.3 0.5
P T625A 0.22 0.06 0.02 0.2 0.1
P G626A 0.17 0.03 0.03 0.2 1.0
P D627N 0.30 0.12 0.05 0.2 1.0
P D627A 0.25 0.34 0.08 0 1.0
P K684A 0 0.03 0.03 0 0.5
P D703A 0.10 0.08 0.12 0 0.3
P N706A 0 0.51 0.45 4.0 1.0
P D707A 0 0.25 0.13 0.3 0

A R134A 0.65 0.40 0.55 0 1.0
A R139A 0.97 0.44 0.57 1.0 1.0
A T171A 0.50 0.71 0.90 0.9 1.0
A R174A 0.60 0.74 0.47 1.3 1.0
A T181A 0.23 0.40 0.11 0.1 0
A G182A 0.09 0.59 0.06 0.2 0
A E183Q 0 0.80 0.80 1.2 1.0
a The headpiece domains and the mutated amino acids are listed in

the first and second columns, and the residual ATPase activity
(ATPase), phosphoenzyme levels obtained with ATP (EP(ATP)) or Pi

(EP(Pi)), and protection by nucleotide (prot(N)) and by fluoroaluminate
(prot(Al)) are given in the following columns in fractional values as
compared to values obtained with WT protein. The overall standard
deviation varied between(0.03 and(0.20. Several amino acids were
mutated previously: T181, G182 and E183 (37); D351 and K352 (18);
T353, G627, and D627 (40); F487A and R489A (41); R560A (22, 42);
D601N, T625A, D703, N706, and D707 (43); K684, D703, and D707
(44). For a recent review, see Wuytack et al. (45).

FIGURE 2: Electrophoretic analysis of the protein components of
microsomes derived from COS-1 cells infected with adenovirus
vectors for expression of exogenous (WT) SERCA-1 protein. The
lane on the left side was subjected to protein staining with
Coomassie Blue. The lane on the right was subjected to Western
blotting for immunodetection of SERCA-1 with monoclonal
antibodies. See Materials and Methods for techniques of infections,
microsome preparation, and electrophoresis analysis.
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proteolytic digestion (Figure 3B). In the mutants with low
or no ATPase activity, the protective effect of AMP-PCP
and fluoroaluminate was clearly documented by following
the pattern of proteolytic digestion.

“N” Domain Residues.The “N” domain has been identi-
fied as the nucleotide binding domain (3, 16, 17, 19-22).
In fact, we found that mutation of Phe487 or Arg560 to Ala
produces nearly complete inhibition of ATPase activity and
phosphoenzyme formation with ATP (Table 1; Figures 3 and
4A). Furthermore, nucleotide protection of ATPase digestion
from proteinase K was not observed (Figure 4B), indicating
that these single mutations interfere with nucleotide binding.
On the other hand, only a minor reduction of phosphoenzyme
formed by utilization of Pi (Figure 4A), and normal protection
from proteinase K digestion were observed in the presence
of fluoroaluminate (Figure 4B). Structural analysis of E1-
AMP-PCP indicates (Figure 5) that Phe487 is involved in
ring stacking with adenine, and the Arg560 side chain
interacts with theâ-phosphate of ATP, in addition to forming
a salt bridge with Asp627 (“P” domain). This salt bridge is
not formed in E2‚MgF4

2-. Our experiments indicate that

these interactions are essential for nucleotide binding, but
do not have a major influence on the reactivity of the P
domain to Pi, consistent with the crystal structure.

Mutation of Asp426 to Ala produces 60% inhibition of
ATPase activity and phosphoenzyme formation with ATP,
and 40% inhibition of phosphoenzyme formation with Pi

(Table 1). Protection from proteinase K by nucleotide is
much reduced, while protection by fluoroaluminate is normal
(Table 1). Structural analysis shows interaction of Asp426
with two Arg in the A domain (the Arg134 side chain and
the Arg139 main chain amide) in the E1‚AlFx‚ADP crystals,
with consequent stabilization of the N and A domains in the
E1P state. Interference with this stabilization may explain
the effect of the Asp426 mutation.

Mutation of Glu486 to Ala produces 60% inhibition of
ATPase activity and phosphoenzyme formation with ATP
or Pi (Table 1). No nucleotide protection from proteinase K
was observed with this mutant, while protection by AlFx

remained normal. The effect of this mutation is likely due
to interference with the hydrogen bond between Glu486 and
the Thr171 side chain, and with the consequent stabilization
of “N” and “A” domains in the E1P and E2P states. It is
noteworthy that the Glu486 partner is different (i.e., His190)
in the E2 state, and this may play a role in enzyme
isomerization during the catalytic cycle.

The Arg489 to Ala mutant retains no ATPase activity, and
much reduced formation of phosphoenzyme from ATP or
Pi (Table 1 and Figure 6A). On the other hand, protection
from proteinase K is high with nucleotide, and normal with
fluoroaluminate (Figure 6B). Analysis of the E1‚AMP-PCP
structure suggests that the Arg489 side chain coordinates the
nucleotideR-phosphate and may position the phosphate chain
favorably for utilization ofγ-phosphate. On the other hand,
Arg489 is at the interface of the “N” and “A” domains, and
is important for forming the right interface between them.
Replacement of Arg489 with Ala will prevent salt bridge
formations in the E2 state with Gln202 and Asp203 in the
A domain, therefore interfering with intramolecular stabiliza-
tion that favors phosphoenzyme formation with Pi. While
these stabilization effects are required for the catalytic
reactions, they are not evidently necessary and may in fact
favor binding of nucleotide in a position that causes “A”-

FIGURE 3: ATPase activity of WT and mutant ATPase. Ca2+

dependent and TG sensitive ATPase was measured as described in
Materials and Methods. (A) The activities of WT (9), Phe487Ala
([), Asp351Ala (1), Arg489Ala (4), Gly625Ala (×) and Glu183Gln
(2) mutants is given in the figures. A complete list of ATPase
activities for all the mutants is given in Table 1. (B) Inactivation
of WT ATPase by digestion with proteinase K in the absence (9)
or in the presence of 1 mM AMP-PCP ([) or 0.1 mM fluoroalu-
minate (2). Digestion with proteinase K was performed as described
in Materials and Methods, and at various time intervals small
volumes were diluted in a reaction mixture for determination of
ATPase activity.

FIGURE 4: Comparative features of WT and Phe487Ala mutant
SERCA-1 proteins. (A) Phosphoenzyme (E-P) obtained with ATP
in the presence of Ca2+. (B) Proteinase digestion pattern (0, 5, 10,
20, 40, 60, 80, and 120 min, corresponding to the electrophoretic
gels from left to right) in the absence or in the presence of AMP-
PCP or fluoroaluminate. Experimental conditions are described in
Materials and Methods.
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domain tilting by P-domain distortion and effective protection
from proteinase K digestion. Arg489 in the E1‚AMP-PCP
and E1‚AlFx‚ADP crystals makes van der Waals contacts
with Pro681 and Asn706 side chains in the P domain,
apparently to keep the right distance between the two
domains. This could be a very important interaction because
both Pro681 and Asn706 are absolutely conserved in all
P-type ATPases. It is likely that a tighter binding of
nucleotideγ-phosphate is allowed if Arg489 is replaced by
a smaller residue. In fact, the Asn706Ala mutation also
causes a larger protection from proteinase K digestion. The
P-domain distortion is expected to be maximal with AlFx

alone, and not affected by these mutations.

The Asp601 to Asn mutant retains no ATPase activity,
no phosphoenzyme formation from ATP or Pi, and no
nucleotide protection from proteinase K, while protection
by fluoroaluminate remains nearly normal (Table 1). Asp601
is located in the hinge region, and is likely to contribute to
the relative positioning of N and P domains. Within the hinge
region, it makes hydrogen bonds with the Asn359 amide,

and the Thr357 side chain to make the hinge regionâ-strand
like (4, 33), so that accurate orientation of the N-domain
movement is possible. Evidently these interactions are very
important to domain positioning, substrate interactions, and
catalytic chemistry. This mutation also substantiates the idea
that the N domain is not necessary for the A-domain tilting,
unless fluoroaluminate oriented the N domain correctly.

“P” Domain Residues. Mutation of Asp351 to Asn
eliminates completely ATPase activity (Table 1), phospho-
enzyme formation from ATP or Pi, and protection from
proteinase K by fluoroaluminate (Figure 7A,B). This is due
to the primary role of Asp351 as the acceptor in the
phosphorylation reaction forming a covalent intermediate in
the catalytic cycle (14, 15). It is interesting, however, that
protection from proteinase K by nucleotide is still observed,
and is actually greater with the Asp351Asn mutant, and much
greater when Asp351 is mutated to Ala (Figure 7B). This
indicates that the nucleotide substrate still binds to the
mutants, but phosphoryl transfer does not occur. The greater
protection observed with the Ala mutant suggests electrostatic

FIGURE 5: A stereoview of the N domain-P domain interface in the E1‚AMP-PCP crystal structure (PDB accession code 1VFP). Also
superimposed is (cyan) the C-alpha trace of E2‚MgF42 (PBD accession code 1WPG) with Arg560 side chain (green label). AMP-PCP is
shown in ball-and-stick. Mg2+ appears as a small green sphere. Also shown are some of the likely hydrogen bonds (pink dotted lines) and
van der Waals contacts of Arg489 (green dashed-dotted lines). Some of the N domain of the E1‚AMP-PCP structure is removed for
clarity, as well as the A domain of the E2‚MgF4

2-.

FIGURE 6: Comparative features of WT and Arg489Ala mutant
SERCA-1 proteins. (A) Phosphoenzyme (E-P) obtained with ATP
in the presence of Ca2+. (B) Proteinase digestion pattern (0, 5, 10,
20, 40, 60, 80, and 120 min, corresponding to the electrophoretic
gels from left to right) in the absence or in the presence of AMP-
PCP or fluoroaluminate. Experimental conditions are described in
Materials and Methods.

FIGURE 7: Comparative features of WT and Asp351Ala mutant
SERCA-1 proteins. (A) Phosphoenzyme (E-P) obtained with ATP
in the presence of Ca2+. (B) Proteinase digestion pattern (0, 5, 10,
20, 40, 60, 80, and 120 min, corresponding to the electrophoretic
gels from left to right) in the absence or in the presence of AMP-
PCP or fluoroaluminate. Experimental conditions are described in
Materials and Methods.
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repulsion of the nucleotideγ-phosphate by Asp351, whereby
the nucleotide phosphate chain acquires prevalently a folded
configuration in the WT enzyme (34), but a prevalently
extended configuration in the Asp351Ala mutant. It is
noteworthy that phosphoryl transfer does not occur when
AMP-PCP (rather that ATP) is the substrate, even if the WT
Asp351 is present. In this case the lack of phosphoryl transfer
is related to a different electron distribution and the bond
angle of the terminal phosphate with carbon.

Mutation of Lys352 to Ala eliminates completely ATPase
activity, phosphoenzyme formation with ATP or Pi, and
protection from proteinase K by nucleotide (Table 1).
Significant protection by fluoroaluminate, however, is still
observed. This residue is highly conserved in the P-type
ATPase family but not in other members of the haloacid
dehalogenase superfamily (23); in many of them it is Leu
or Met. It is Phe in the PSPase with no apparent functional
role (24). Lys352 is coordinated with Thr353 as well as
Asp627 in the E1‚AMP-PCP and E2‚MgF4

2- structures (see
below for role of Thr353), but not coordinated directly with
substrates. This is in marked contrast with Lys684, but the
effects of mutations listed in Table 1 are very much the same.
As described previously (5) the P domain is distorted by the
binding of γ-phosphate (or its analogues). This distortion
brings the loops containing Thr353 and Asp627 closer (about
1.0 Å for CR). These two residues and Thr625 are expected
to be critical for guiding theγ-phosphate in the correct
position, and will be separated by repulsion unless mediated
by Lys352 (Figure 8). It is also conceivable that long side
chain is effective in excluding water from the vicinity of
Asp351. The inhibition produced by the Lys352 mutation
demonstrates that these interactions are crucial to enzyme
phosphorylation and the progress of the catalytic cycle. On
the other hand, the Lys352 main chain amide is coordinated
to a fluoroaluminate fluorine atom (but not to any of the
AMP-PCP oxygen atoms). This main chain amide interaction
is retained following mutation, and therefore formation of

the fluoroaluminate phosphoenzyme analogue is not inter-
fered with.

Mutation of Thr353 to Ala reduces by approximately 70%
ATPase activity, phosphoenzyme formation from ATP or
Pi, and protection from proteinase K by nucleotide (Table
1). It also reduces protection by fluoroaluminate by ap-
proximately 50%. As described in the previous paragraph,
Thr353 hydroxyl is hydrogen bonded toγ-phosphate or its
analogues. Its main chain position is important for the
coordination of Mg2+ with its main chain carbonyl oxygen,
whereas its side chain position is affected by Lys352. These
strategic roles of Thr353 readily explain the mutational
results.

Thr625-Gly626-Asp627 constitutes a highly conserved
motif in P-type ATPases. In particular, Thr625 is very well
conserved in all the haloacid dehalogenase superfamily,
although it is on some occasions substituted with Ser. Gly626
is also well conserved, but Asp627 is specific to P-type
ATPases. In fact, mutation of Thr625 to Ala produces nearly
complete inhibition of ATPase activity and phosphoenzyme
formation with ATP or Pi (Table 1 and Figures 2 and 9A).
Furthermore, protection from proteinase K by nucleotide, as
well as by fluoroaluminate, is interfered with (Figure 9B).
Thr625 is on the opposite side of theγ-phosphate to Thr353
and is expected to have similar functional roles. In the
phosphate-bound forms, its position appears to be affected
by Asp627, which is in turn linked to Thr353 by Lys352.
Although Thr353 is linked to Asp351 by coordination to
Mg2+, no such strong positioning mechanism is present for
the TGD loop. Then it is understandable that the mutational
effects are similar to Thr353 but more stringent. These
mutations are not deleterious, because they simply remove
one of the stabilizing factors; in the case of Lys352, they
destroy multiple factors and completely abolish the ATPase
activity.

Mutation of Gly626 to Ala interferes strongly with ATPase
activity, with phosphoenzyme formation with ATP or Pi, and
with protection from proteinase K by nucleotide, while

FIGURE 8: Stereoview of the phosphorylation site. Derived from the structure of E2‚MgF4
2- (6), with aspartylphosphate taken from CheY

(PDB accession code 1QMP (36)). The small green sphere represents Mg2+, and the red spheres represent water. Coordinations of Mg2+

are indicated with broken lines in green; likely hydrogen bonds are shown in pink (not exhaustive). OG1-OG3 refer to the oxygen atoms
in the aspartylphosphate. The atomic model of the aspartylphosphate was taken from the related protein CheY (PDB accession code 1QMP),
a bacterial response regulator, superimposed with the main chain of Asp351 without changing the side chain conformation (6).
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protection by AlFx remains equal to that observed with WT
enzyme (Table 1). Structural analysis indicates that the
Gly626 main chain amide interacts with a phosphate oxygen
atom. However, this phosphate oxygen is stabilized also by
Lys684 and Asn706. Therefore, the protection by AlFx

remains to be normal. The Gly626Ala mutant strongly
interferes with the binding of nucleotide, because the Ala
side chain makes steric collisions withR andâ phosphates,
thus resulting in interference with ATP-Mg binding. In the
E2‚MgF4

2- form, the Gly626Ala mutant will cause steric
collisions with Thr181, preventing proper domain closure.

Mutation of Asp627 to Asn or Ala produces approximately
70% inhibition of ATPase activity, phosphoenzyme forma-
tion with ATP or Pi, and protection from proteinase K by
nucleotide. Protection by fluoroaluminate remains at normal
levels. Structural analysis suggests that this residue has dual
roles. Upon nucleotide binding to the WT enzyme, ap-
proximation of the N and P domains allows a salt bridge to
be formed between Asp627 and Arg560. This would result
in cooperative stabilization of the two domains through
interaction of the Arg560 guanido group with the ATP
â-phosphate and Asp627. Presumably the interaction of
Asp627 with Arg560 is weakened following ADP dissocia-
tion, and this allows relative displacement of the N and P
domains. The other role is, as described earlier, to link the
625TGD loop to the351DKTGT loop by a salt bridge with
Lys352 for forming a proper phosphate binding site. For
these reasons, protection from proteinase K (i.e., ATP
binding), as well as enzyme phosphorylation with ATP and
Pi, is interfered with by mutation of Asp627.

Lys684 is very well conserved in all the members of the
haloacid dehalogenase superfamily. What is critical is the
position of the side chain nitrogen that stabilizes the
γ-phosphate and Asp351. In some of the members (e.g.,
phosphoglucomutase), the position of this residue is offset
by one residue, but the position of the nitrogen is exactly
the same. Mutation of Lys684 to Ala produces total inhibition
of ATPase activity, phosphoenzyme formation with ATP or
Pi, and protection from proteinase K by nucleotide (Table
1). Protection by fluoroaluminate is also interfered with,
significantly. It is evident that stabilization of phosphate
oxygen by the Lys684 side chain is very important.

Mutation of Asp703, a very well conserved residue through
all the members of the haloacid dehalogenase superfamily,
to Ala interferes strongly with ATPase activity, phosphoen-
zyme formation with ATP or Pi, and protection from
proteinase K by nucleotide or fluoroaluminate (Table 1). The
Asp703 side chain participates in coordination of Mg2+,
which is also coordinated by oxygen atoms from the Asp351
side chain, the phosphate substrate, and the Thr353 main
chain carbonyl. Evidently, these interactions are of crucial
importance to intermediate catalytic reactions.

Mutation of Asn706 to Ala produces total inhibition of
ATPase activity, but only 50% reduction of the phosphoen-
zyme levels obtained with ATP or Pi. On the other hand,
protection from proteinase K by nucleotide is higher than
observed with the WT enzyme, and protection by AlFx is
normal (Table 1). This residue is absolutely conserved in
P-type ATPases and appears to have multiple functional
roles. Asn706 provides stabilization ofγ-phosphate itself and
a very important water molecule which is coordinated to
Mg2+. The functional consequences of Asn706 mutation
suggest that, in the absence of stabilization by Asn706,
phosphorylation of Asp351 is permitted to some extent, but
subsequent processing of the phosphoenzyme through the
catalytic cycle is impaired. In addition to interference of
water and Mg2+ coordination, the Asn706Ala mutation may
allow Lys684 to come closer to the ATPγ-phosphate,
thereby acquiring a position yielding greater protection from
proteinase K. This is because, as noted for Arg489, Asn706
makes van der Waals contacts with Lys684 apparently to
keep an appropriate distance between the N and P domains.
In E2‚MgF4

2- crystals, Asn706 interacts with Thr181
presumably to keep the right distance between the A and P
domains. Inappropriate domain interactions caused by
Asn706Ala mutation may explain the total suppression of
ATPase activity while keeping the phosphorylation levels
reasonably high.

Mutation of Asp707 to Ala produces total inhibition of
ATPase activity, and strong reduction of phosphoenzyme
formation with ATP or Pi, and of protection from proteinase
K by nucleotide or fluoroaluminate (Table 1). It is clear that
Asp707 stabilizes Lys684 by side chain interaction, and may
also contribute in orienting the Asp351 side chain. In
addition, it is likely to sustain hydrogen bonding with Asp703
and Gln704 amides throughout the reaction cycle to stabilize
the 702GDG loop. The functional consequences of Asp707
mutation demonstrate that the conformational and positional
role of this residue is crucial to all binding and catalytic
reactions of the ATPase cycle.

A Domain Residues.Mutation of Arg134 reduces the
ATPase activity by 35%, inhibits phosphoenzyme formation
with ATP by 60%, and inhibits phosphoenzyme formation
with Pi by 45%. It interferes with protection from proteinase
K by nucleotide, but not by fluoroaluminate (Table 1). As
suggested above, interaction of the Arg134 side chain with
Asp426 is likely to provide stabilization of “N” and “A”
domains in the E1‚ATP state. Furthermore, positioning of
Asp426 by Arg134 may be important for ATP binding (see
effect of Asp426, above). Interference with these interactions
may explain the effects of the Arg134 mutation. On the
contrary, mutation of Arg139 does not produce significant
inhibition of ATPase activity or nucleotide protection from
proteinase K, since it is its main chain amide that provides

FIGURE 9: Comparative features of WT and Gly625Ala mutant
SERCA-1 proteins. (A) Phosphoenzyme (E-P) obtained with ATP
in the presence of Ca2+. (B) Proteinase digestion pattern (0, 5, 10,
20, 40, 60, 80, and 120 min, corresponding to the electrophoretic
gels from left to right) in the absence or in the presence of AMP-
PCP or fluoroaluminate. Experimental conditions are described in
Materials and Methods.
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further stabilization of the “N” and “A” domains through
interaction with Asp426. This interaction would be retained
following mutation of the side chain.

Mutation of Thr171 to Ala produces approximately 50%
inhibition of ATPase activity, 30% inhibition of phospho-
enzyme formation with ATP, and no significant inhibition
of phosphoenzyme obtained with Pi. Protection from pro-
teinase K by nucleotide or fluoroaluminate remains at normal
levels (Table 1). Thr171 interacts with Glu486, providing a
nearly unique link between the “N” and “A” domains in E1‚
AMP-PCP and E1‚AlFx‚ADP. The functional consequences
of Thr171 mutation suggest weakening of this interaction,
thereby producing a less favorable environment for phos-
phoenzyme formation. We have seen above that mutation
of Glu486 is more damaging inasmuch as Glu486 switches
partner and interacts with His190 in the E2 state and therefore
provides conformational stability as domain interactions
change through the entire cycle.

Mutation of Arg174 to Ala produces approximately 40%
reduction of ATPase activity, 25% inhibition of phospho-
enzyme formation with ATP, and 50% inhibition of phos-
phoenzyme formation with Pi. Protection from proteinase K
by ATP or Pi remains at normal levels (Table 1). This residue
is at the A/N interface. In E2, it interacts with Asp422 in
the N domain through a water molecule. In E2‚MgF4

2-, it
makes a hydrogen bond with Phe487 amide through a water
and van der Waals contacts with the Phe487 side chain, thus
interfering with the phosphorylation reaction.

Thr181, Gly182, and Glu183 are highly conserved and
form a part of a hairpin structure, which is maintained by a
hydrogen bond between Thr181 hydroxyl and Glu183 amide.
The main chain dihedral angle is allowed for Gly but
unfavorable for others. Mutation of these residues produces
total or strong inhibition of ATPase activity. The levels of
phosphoenzyme obtained with ATP are reduced in the
Thr181 and Gln182 mutants, while phosphoenzyme forma-
tion with Pi and protection by nucleotide or fluoroaluminate
from proteinase K digestion are strongly interfered with
(Table 1). Thr181Ala and Gly182Ala mutants will destroy
the hairpin structure and might affect the entire conformation
of the A domain. Otherwise total inhibition of protection by
AlFx is not readily explained, because this loop is located
outside of the A domain and has no interactions with other
parts in E1‚AlFx‚ADP. Phosphorylation with Pi is nearly
completely lost with the Gly182Ala mutant. This is because
the Câ atom of Ala causes steric conflicts with the bound
phosphate.

On the other hand, the Glu183Gln mutant retains normal
formation of phosphoenzyme with ATP or Pi, and normal
protection by nucleotide or fluoroaluminate from proteinase
K remains strong (Figure 10), in spite of total ATPase
inhibition (Table 1 and Figure 3). The extraordinary specific-
ity of the functional effect of the Glu183 mutation is due to
the role of Glu183 in positioning of a water molecule that is
required for hydrolytic cleavage of E2P (35). Thus, the last
step of the ATPase reaction cycle, that is, dephosphorylation
of the acylphosphate, is totally suppressed with this mutant.

DISCUSSION

We selected for our analysis several headpiece amino acids
that either are highly conserved in the P-type ATPase family,

or are positioned in seemingly critical sites of the enzyme
structure, or were previously singled out by studies of protein
chemistry and mutagenesis. Within the N domain, our
functional analysis demonstrates unambiguously that Phe487
and Arg560 are required for ATP binding through ring
stacking with adenine, and interaction with theâ-phosphate
of ATP, respectively. In addition, Arg560 forms a salt bridge
with Asp627, thereby contributing to “N” and “P” domain
cross-linking (Figure 5). It is remarkable that mutation of
either of these residues interferes strongly with ATP binding
and utilization, while having only a small effect on the “P”
domain reactivity to Pi (Figure 4A and Table 1). The
functional involvement of Phe487, Arg560, and Asp627
highlights the importance of interdomain interactions in
promoting phosphoryl transfer from ATP.

Interference with ATP binding, as revealed by reduced
nucleotide protection from proteinase K, is also produced
by mutations of other N domain residues such as Glu486
(next to Phe487), Asp426, and Asp601. An exception is
Arg489, whose mutation apparently does not interfere with
nucleotide binding and actually increases protection from
proteinase K (Figure 6). It is possible that interaction of
Arg489 with the nucleotideR-phosphate keeps ATP in a
position that is not optimal for the protective effect. Arg489
mutation (in analogy to the Asn706 and Asp351 mutations
as explained below) may then allow phosphate chain
extension and closer interaction ofγ-phosphate with Lys684,
thereby affording greater protection. On the other hand,
Arg489 appears to have a conformational role in virtue of
its hydrogen bonding with the Gln202 and Asp203 (E2 state).
Interference with proper stabilization of the N and A
domains, as well as with coordination of the nucleotide
R-phosphate, is likely to be responsible for the catalytic
inhibition produced by the Arg489 mutation.

Glu486 and Asp601 have positional roles, as they con-
tribute to stabilization of the three domains in various states.
Glu486 is likely to interact with the Thr171 side chain to
stabilize “N” and “A” domains in the E1P and E2P states,
while switching to His190 in the E2 state. On the other hand
Asp601, within the hinge region, contributes to orienting the
N domain with respect to the P domain through interactions
with the Asn359 backbone amide, with the Thr357 side

FIGURE 10: Comparative features of WT and Glu183Gln mutant
SERCA-1 proteins. (A) Phosphoenzyme (E-P) obtained with ATP
in the presence of Ca2+. (B) Proteinase digestion pattern (0, 5, 10,
20, 40, 60, 80, and 120 min, corresponding to the electrophoretic
gels from left to right) in the absence or in the presence of AMP-
PCP or fluoroaluminate. Experimental conditions are described in
Materials and Methods.
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chain, and possibly with Lys352. Evidently these interactions
are very important to domain movement and substrate
positioning, as well as catalytic chemistry. The Asp601
residue is highly conserved within the P-type ATPase family.

All the “P” domain residues studied by us are highly
conserved, and their mutation interferes with ATP binding
and all catalytic reactions. Two exceptions to nucleotide
binding interference are mutations of Asp351 (especially to
Ala) and of Asn706, inasmuch as they increase markedly
(rather than interfere with) the protection from proteinase K
by nucleotide (Table 1, Figure 7). It is likely that, in the
WT enzyme, repulsion betweenγ-phosphate and Asp351,
as well as Asn706 interaction with Arg489 in the N domain,
positions bound nucleotide in a less than optimal position
for the protective effect. Mutational removal of such
constraints would then allow the ATP to acquire a more
effective position through a closer interaction with Lys684.
In spite of retaining nucleotide binding, the Asp351 mutants

manifest total loss of all catalytic reactions, due to the role
of Asp351 as the direct acceptor of phosphate.

Mutation effects of the residues in the P domain can be
explained quantitatively to some extent. As illustrated in
Figure 8, which is deduced from the structure of E2‚MgF4

2-

and aspartylphosphate taken from CheY (PDB accession
code 1QMP (36)), the three oxygen atoms ofγ-phosphate
are in quite different environments. OG1 is coordinated by
Thr353 amide, Lys352 amide, and Thr625 hydroxyl. Thr353
hydroxyl is not as close as Thr625 hydroxyl (3.7 vs 2.9 Å)
to OG1, although close to the corresponding atom in AMP-
PCP (2.5 Å). OG2 is coordinated by Gly626 amide, and
Lys684 and Asn706 side chain. OG3 is stabilized essentially
by Mg2+ alone. As noted earlier, Lys352 must be critical in
positioning the625TGD loop; its amide position will be
affected by its side chain interaction with Thr353 and
Asp627. Thus, Lys352Ala mutant is likely deleterious due
to its 3-fold roles. Thr353Ala mutation is thus expected to

Table 2: Interactions of Amino Acid Residues Subjected to Mutational Analysisa

residue interaction states function

Asp426 N Arg134; Arg139 carbonyl E1‚ATP-E1P N/A interface
Glu486 N Thr171 E1‚ATP-E2‚Pi N/A interface

His190 E2 N/A interface
Phe487 N ATP (adenine ring) E1‚ATP ATP binding
Arg489 N Gln202; Asp203; van der Waals contact with Val200 E2 N/A interface

ATP (R-PO4); van der Waals contact with Pro681 and Asn706 E1‚ATP ATP binding
van der Waals contacts with Ile188 and His190 E2‚Pi N/A interface

Arg560 N ATP (â-PO4) E1‚ATP ATP binding
Asp627 E1‚ATP-E1P N/P interface

Asp601 N Thr357; Asn359 amide all N/P (hinge)
Lys352 E1P positioning
Lys352 (via water) E1, E2

Asp351 P ATP (γ-PO4) or Pi; Mg2+ E1‚ATP-E2‚Pi covalent reaction
Lys352 P Thr353 E1-E2‚Pi positioning

Asp627 E1‚ATP-E2‚Pi positioning
Asp601 (via water) E1, E2 positioning

Thr353 P ATP (γ-PO4) or Pi E1‚ATP-E2‚Pi phosphate
Lys352 E2‚Pi positioning
carbonyl-Mg2+ E1‚ATP-E2‚Pi Mg2+

Glu183 E2‚Pi A/P interface
Thr625 P ATP (γ-PO4) or Pi E1‚ATP-E2‚Pi phosphate
Gly626 P amide-ATP (γ-PO4) or Pi E1‚ATP-E2‚Pi ATP binding
Asp627 P Arg560 E1‚ATP-E1P N/P interface

Lys352 E1‚ATP-E2‚Pi positioning
Lys684 P ATP (γ-PO4) or Pi phosphate

Asp351, Asp707 all positioning
Asn706 E1‚ATP-E2‚Pi positioning

Asp703 P Mg2+ E1‚ATP-E2‚Pi Mg2+

Asn706 P ATP (γ-PO4) or Pi E1‚ATP-E2‚Pi phosphate
H2O coordinating Mg2+ Mg2+

Lys684 (repulsion) positioning
van der Waals contact with Arg489 E1‚ATP-E1P N/P interface
Thr181 carbonyl; van der Waals contact with Gly182 E2‚Pi A/P interface

Asp707 P Asp703 amide; Gly704 amide all conformational
Asp351 (repulsion? or H-bond?) E1‚ATP-E2‚Pi positioning
Lys684 E1‚ATP-E2‚Pi positioning

Arg134 A Asp426 E1‚ATP-E1P A/N interface
Thr171 A Glu486 E1P-E2‚Pi A/N interface
Arg174 A Phe487 amide; also van der Waals contacts with Phe487 E2‚Pi A/N interface

Asp422 through a water E2 A/N interface
Thr181 A Glu183 amide all conformational ?

carbonyl-Asn706 E2‚Pi A/P interface
Gly182 A allows Thr181-Glu183 interaction all conformational

van der Waals contact with Asn706 E2‚Pi A/P interface
water coordinating Mg2+ (amide) Mg2+

Glu183 A water attacking phosphate E2PT E2+Pi positioning of water
Thr353 E2‚Pi A/P interface
phosphate E2‚Pi phosphate

a N/P and N/A signify stabilization of domain interface in a specific enzyme state, as indicated.
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be less effective than Thr625Ala in phosphorylation but
similar in AMP-PCP protection from proteinase K digestion.

Also within the “P” domain, Asp703, Asn706, and Asp707
play crucial roles. The Asp703 side chain participates in
coordination of Mg2+, which is also coordinated by oxygen
atoms from the Asp351 side chain, the phosphate substrate,
and the Thr353 main chain. Asn706 coordinates theγ-phos-
phate (OG2) and a water molecule, which, in turn, is
coordinated to Mg2+ thereby providing stabilization of the
phosphate-Mg2+ complex. Finally, Asp707 stabilizes K684,
which is, in turn, involved in interaction with a phosphate
oxygen atom.

Within the “A” domain, we subjected Arg134, Arg139,
Thr171, and Arg174 to mutational analysis. Although these
residues were not highly conserved, we were interested in
them for their positions at the interface of the “A” domain
with the “N” domain. Interaction of the Arg134 side chain
with Asp426 is likely to provide stabilization of “N” and
“A” domains in the E1-ATP state, which is augmented by
interaction of the Arg139 main chain amide with Asp426.
On the other hand, stabilization of the “A” and “N” domains
in the E1P state is likely to be provided by interaction of
Thr171 with Glu486, linking the “N” and “A” domains. We
noted above that mutation of Glu486 switches partner from
Thr171 to His190 in the E2 state. We find that mutation of
these residues (with the exception of Arg139) produces
significant inhibition of ATPase kinetics. We attribute this
effect to interference with the role of these residues in
optimizing the positional stability of the “A” domain in
specific states corresponding to intermediate reaction of the
catalytic cycle. Thr181, Gln 182, and Glu183, still in the
“A” domain, are highly conserved, and their mutation
produces strong inhibition of ATPase activity.

Previous studies (37) indicated that mutation of any of
these three residues interferes with the E1PT E2P transition,
while a more recent and specific study of Glu183 (34)
indicated that mutation of this residue interferes with
hydrolytic cleavage of E2P.

We find that the steady state phosphoenzyme level formed
with ATP is reduced, while phosphoenzyme formation with
Pi and nucleotide or fluoroaluminate protection from pro-
teinase K digestion are strongly interfered with by the Thr181
and Gly182 mutations. On the other hand, we find that
mutation of Glu183 allows a normal level of phosphoenzyme
obtained with ATP or Pi, as well as normal nucleotide and
fluoroaluminate protection from proteinase K (Table 1 and
Figure 10), even though the ATPase hydrolytic activity is
totally inhibited.

The Thr181, Gly182, and Glu183 residues reside on the
A domain outer surface in E1P, but at the A/P interface in
E2P, and are involved in a hydrogen bonding network
including water molecules, substrate, and P domain residues
(6). Our experiments indicate that Thr181 and Gly182 play
an important structural role in forming a hairpin structure.
On the other hand, Glu183 appears to have a more specific
role in stabilization of a water molecule, which is required
for the final hydrolytic cleavage of E2P.

We finally note that formation of a stable phosphoenzyme
analogue with fluoroaluminate is not interfered with by any
of our mutations in the N domain. Rather, strong interference
is produced by mutation of Asp351, Thr625, Lys684, and
Asp707. This interference is related to the role of Asp351

as the direct acceptor, interaction of fluorine atoms with the
Thr625 and Lys684 side chains, and stabilization of Lys684
by Asp707 for this purpose. As compared with phosphoen-
zyme formation with Pi, participation of Lys352, Thr353,
and Asp703 appears to be less stringently required, and
Asn706 does not play a significant role in formation of the
fluoroaluminate analogue. This suggests that stabilization of
Mg2+ by these residues is in fact more important for
electrophilic assistance in the phosphorylation reaction than
for stabilization of the fluoroaluminate complex. The absence
of mutation effects of the residues in the N domain on the
protection by AlFx suggests that the A-domain tilting that
causes protection from proteinase K digestion does not
require the contribution of the N domain.

In conclusion, combined mutational and structural analysis
identifies and demonstrates the functional roles of interactions
that are directly involved in binding nucleotide (such as
Phe487 and Arg560 in the N domain) and phosphate
substrate (such as Asp351, Thr625, Lys684, and Thr353 in
the P domain). Furthermore, several amino acids are identi-
fied whose role may be defined as positional, inasmuch as
they are involved in stabilizing neighboring residues for
optimal substrate or Mg2+ binding, or stabilizing the relative
positions of headpiece domains as they change with the
progress of sequential catalytic reactions (Table 2). Cross-
linking of “N” and “P” domains upon ATP binding, as well
as rotation and tilting of the “A” domain in the E1‚ATP,
E1P, and E2P transitions, is involved in triggering displace-
ments of transmembrane segments. In fact, sequential
establishment and disruption of domain-domain interactions
is a major device in the long-range linkage of catalytic and
Ca2+ binding functions. The sequence of specific arrange-
ments is driven by substrate binding, phosphorylation, and
dissociation of products, and by related changes of interdo-
main spacing and “P” domain distortion. In turn, the “P”
domain is anchored by hydrogen bonding to the transmem-
brane domain directly or through the L6/7 loop, where site
directed mutations (e.g., Lys819Ala and Arg822Ala) were
found (38) to interfere with catalytic reactions.
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