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Sarcoplasmic reticulum (SR) Ca2+-ATPase (SERCA1a) is an
integral membrane protein of 110 kD and establishes a concentration
gradient of Ca2+ across the SR membrane by transporting two Ca2+

per ATP hydrolyzed.1 Recent X-ray structures of SR Ca2+-ATPase
in five different physiological states have revealed that large
conformational changes occur during Ca2+ transport.2-6 These X-ray
structures also provide atomic models for two high-affinity Ca2+-
binding sites in the transmembrane region consisting of 10 helices
(M1-M10).2 In either site, Ca2+ is coordinated by seven oxygen
atoms with different geometry. The first site (I in Figure 1a) consists
of five side chain oxygen atoms of Asn768, Glu771, Thr799,
Asp800, and Glu908, and two water molecules. Site II consists of
four side chain oxygen atoms of Glu309, Asn796, and Asp800,
and three backbone carbonyl oxygen atoms of Val304, Ala305, and
Ile307. The geometry of site II is reminiscent of EF-hand, the most
frequent Ca2+-binding motif in soluble proteins. All these residues
have been identified as critical by mutagenesis studies.7

Since many acidic residues cluster to form the Ca2+-binding sites,
side chain oxygen atoms inevitably come close to one another. In
particular, the distance between the closest oxygen atoms of Glu58
and Glu309 is 2.44 Å, and that of Glu771 and Glu908 is 2.66 Å in
an atomic model (PDB accession number, 1SU4)2 of the Ca2+-
bound form. These short distances suggest that H-bonds are formed
between them by protonation of the side chain oxygen. Ionization
states of the acidic residues forming the Ca2+-binding sites have
particular importance, because Ca2+-ATPase transports two or three
protons in the direction opposite to Ca2+ (proton countertransport).8

Here we examine their ionization states by evaluating the stabiliza-
tion energy. We first address which residues become protonated at
neutral pH; then we examine how the ionization states affect the
stability of the Ca2+-binding sites, which are located in the
hydrophobic core of the bilayer.

Initially, continuum electrostatic calculations were carried out
with the atomic model of the Ca2+-bound form2 to examine the
ionization states of four Ca2+-binding residues (Glu309, Glu771,
Asp800, and Glu908) and Glu58 that is in close proximity to
Glu309. For these, MEAD software package9 was used. The
dielectric constants for the solvent and the enzyme were assigned
as 80 and 20, respectively. The lipid bilayer surrounding the enzyme
was modeled as a slab of 30 Å thickness with the same dielectric
constant as that assigned to the enzyme. In Figure 1b, the titration
curves calculated for Glu58 and Glu908 show large positive shifts
from that of Glu in solution (dotted curve), whereas little shift is
shown for Glu771. In contrast, the titration curves for Glu309 and
Asp800 show large negative shifts, reflecting that protonated forms
of these acidic residues are more unfavorable than that in solution,
because both of their carboxyl oxygen atoms directly coordinate

Ca2+ at either site. The calculated protonation rates at pH) 7 are
less than 1% for Glu309, Glu771, and Asp800,∼74% for Glu908,
and higher than 97% for Glu58, indicating that Glu58 and Glu908
are likely to be protonated. If we assign a dielectric constant of 4,
which could be more appropriate for transmembrane part, the
protonation rate of Glu58 and Glu908 becomes>99%. In Figure
1a, we show an energy-minimized structure of the Ca2+-binding
sites and the H-bond network. The H-bonds formed by protonation
of Glu58 and Glu908 are likely to provide extra stability for the
Ca2+-binding sites while reducing electrostatic repulsion between
the clustered acidic residues.

How the ionization states of Glu58 and Glu908 affect the stability
of the Ca2+-binding sites was studied further by all-atom molecular
dynamics (MD) simulation with explicit solvent and lipids. As the
enzyme reconstituted into dioleoylphosphatidyl-choline (DOPC)
membrane shows similar ATPase activity to that in the native SR,10

DOPC bilayer was generated first by MD simulation. The full
system (Ca2+-ATPase, 2 Ca2+, 473 DOPC molecules, and salt
solution) consisted of∼276 000 atoms, including more than 65 000
water atoms. Here MARBLE software package11 with CHARMM27
potential functions12 was used for MD simulations at 1 atm and
310 K under constant area-isothermal isobaric (NPAT) condi-
tions.11,13 (See Supporting Information for more details.)

We carried out altogether seven MD simulations, two treating
Glu58 and Glu908 protonated (MD1), three treating both of them
unprotonated (MD2), and one each treating only one of them
protonated (MD3). Each simulation consisted of 600-ps equilibra-
tion and 2-ns production dynamics (total time of seven simulations
was more than 18 ns). In all the simulations, the three cytoplasmic
domains as well as the transmembrane domain were stable (RMSD
for CR atoms was less than 1.6 Å from the starting structure).
However, the stability of the Ca2+-binding sites was substantially
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Figure 1. (a) Energy-minimized structure of the Ca2+-binding sites viewed
from the cytoplasmic side (approximately normal to the membrane). Cyan
spheres represent Ca2+, and red ones water. Dotted lines show the
coordination of Ca2+ (cyan) and H-bonds (magenta). Protons bound to Glu58
and Glu908 are circled. Energy minimization was carried out with strong
harmonic restraints (k ) 1000.0 kcal/mol‚Å2) for all the heavy atoms of
the enzyme. (b) Titration curves calculated for five acidic residues that form
Ca2+-binding sites of SR Ca2+-ATPase as observed in the Ca2+-bound
structure shown in (a). Dashed line represents a reference titration curve
calculated for a glutamic acid in solution.
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different between the models with different protonation states. In
Figure 2, we show time series of several distances that characterize
the geometry of the Ca2+-binding sites. In MD1, the geometry of
Ca2+-binding site and the H-bonds involving protonated carboxyls
of Glu58 and Glu908 were stable throughout the 2-ns production
dynamics (Figures 2 and 3a). An MD1 simulation was extended to
10 ns and confirmed the stability of the binding geometry.

In contrast, in MD2, the geometry was severely altered due to
electrostatic repulsion between Glu58 and Glu309 and that between
Glu771 and Glu908 (Figures 2 and 3b). Glu58 and Glu309 separated
rapidly and then fluctuated independently, reflecting that the Glu58
side chain was not restrained by other residues (Figure 2a). The
displacement of Glu58 yielded an empty space around site II Ca2+

to be filled with a water molecule from the cytoplasmic side. The
water molecule coordinated site II Ca2+ in place of the backbone

carbonyl of Val304 (Figure 2c). In contrast, the distance between
Glu771 and Glu908 hardly changed in MD2 (Figure 2b), presum-
ably because Glu908 side chain was fixed by its bidental binding
to Ca2+ (Figure 3b). However, this position of Glu908 displaced
Glu771, making the distance between them 0.5 Å longer than that
in the crystal structure.2 This change in Glu771 broke the H-bond
with a water molecule coordinating site I Ca2+, which in turn broke
the Ca2+ coordination of Thr799 (Figure 2d). Thus, the difference
in ionization of Glu58 and Glu908 altered the coordination geometry
at the Ca2+-binding sites, although seven-coordination of Ca2+ was
maintained at either site. These alterations occurred independently
of the other: when only one of the two residues was left ionized
(MD3), the relevant binding site became broken. (See Supporting
Information for more details.)

As described, the continuum electrostatic calculations and all-
atom MD simulations consistently indicate that Glu58 and Glu908
are protonated at neutral pH and that protonation of these two acidic
residues has important structural roles. Although no experimental
measurements of pKa are available for each acidic residue, the
current results are totally consistent with prior mutagenesis works:
14,15glutamine substitutions of Glu309 and Glu771 destroy the Ca2+

transport activity, whereas those of Glu58 and Glu908 do not. As
the methods described here are readily applicable to atomic models
of the Ca2+-unbound state, they would be useful to understand the
mechanism and roles of proton countertransport by Ca2+-ATPase.
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Figure 2. Time series of the characteristic distances around the Ca2+-
binding sites. Black and magenta lines represent the values obtained in MD1
and MD2 simulations, respectively. Distances are between the closest
carboxyl oxygen atoms (a) in the side chains of Glu58 and Glu309 and (b)
those of Glu771 and Glu908; (c) between site II Ca2+ and the carbonyl
oxygen of Val304; (d) between site I Ca2+ and the side chain oxygen of
Thr799.

Figure 3. Snapshots of the Ca2+-binding sites at the end of MD simulations.
(a) MD1 in which Glu58 and Glu908 were modeled as protonated. (b) MD2
in which they were modeled as unprotonated. The binding sites are viewed
from the same direction as that in Figure 1, and the atomic models were
aligned by using all the CR atoms in the M7-M10 helices. The dotted
lines represent the Ca2+ coordinations (cyan) and the H-bond network
(magenta). The white dotted lines indicate the bonds dependent on the
protonation states.
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