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ABSTRACT: The calcium pump [sarcoplasmic reticulum (SR) Ca2+-
ATPase (SERCA)] transports Ca2+ from the cytosol to the SR lumen at
the expense of ATP hydrolysis and proton countertransport, thus playing
a central role in Ca2+ homeostasis and muscle contractility. Proton
countertransport via deprotonation of transport site residue Glu309 is a
critical first step in SERCA activation because it accelerates the E2−E1
structural transition. Previous studies have suggested that flipping of
Glu309 toward the cytosol constitutes the primary mechanism for Glu309
deprotonation, but no conclusive data to support this hypothesis have
been published. Therefore, we performed three independent 1 μs molecular dynamics simulations of the E2 state protonated at
transport site residues Glu309, Glu771, and Glu908. Structural analysis and pKa calculations showed that Glu309 deprotonation
occurs by an inward-to-outward side-chain transition. We also found that Glu309 deprotonation and proton countertransport
occur through transient (∼113 ps) water wires connecting Glu309 with the cytosol. Although both mechanisms are operational,
we found that transient water wire formation, and not Glu309 flipping, is the primary mechanism for Glu309 deprotonation and
translocation of protons to the cytosol. The outward-to-inward transition of protonated Glu309 and the presence of water wires
suggest that protons from the cytosol might be passively transported to the lumen via Glu309. However, structural analysis
indicates that passive SR proton leakage into the lumen unlikely occurs through Glu309 in the E2 state. These findings provide a
time-resolved visualization of the first step in the molecular mechanism of SERCA activation and proton transport across the SR.

The sarcoplasmic reticulum (SR) Ca2+-ATPase, (SERCA)
is a P-type ATPase responsible for clearing cytosolic Ca2+

in most cells, thus playing a dominant role in Ca2+ homeostasis
and muscle contractility.1 During a single catalytic cycle,
SERCA pumps two Ca2+ ions into the lumen at the expense of
ATP hydrolysis and the countertransport of two protons.2,3

Each Ca2+ transport cycle of SERCA is initiated by
deprotonation of transport site residues Glu309 and Glu771
in a low-Ca2+ affinity state, E2. The release of protons to the
cytosol destabilizes E2 and accelerates the structural transitions
toward E1, a high-Ca2+ affinity structural state of the pump.4−6

E1 binds two Ca2+ ions to the transport site and one molecule
of ATP in the nucleotide-binding cytosolic domain, resulting in
a structural arrangement of the pump that is suitable for ATP
hydrolysis and autophosphorylation.6 SERCA then undergoes a
structural transition toward a phosphorylated E2 state, thus
releasing two Ca2+ ions into the SR lumen. The pump becomes
dephosphorylated, and two protons are occluded in the
transport sites.7 Finally, SERCA populates the inactive E2
state for the next catalytic cycle.8

Proton countertransport via deprotonation of transport site
residue Glu309 is the critical first step in SERCA activation
because it accelerates the transition from a low-Ca2+ affinity
state, E2, to a high-Ca2+ affinity state, E1 state.13 Experimental
data have shown that at pH >7 in the absence of Ca2+, SERCA
predominantly populates the E1, and not the E2, state.14 This

experimental evidence suggests that deprotonation of Glu309
occurs spontaneously at physiological pH. Computational
studies have suggested that the side chain of Glu309 undergoes
a structural transition between two orientations: a high-pKa

“inward” orientation pointing toward the lumen and a low-pKa

“outward” orientation pointing toward the cytosol (Figure
1).9,10 On the basis of these findings, it was proposed that
flipping of the side chain toward the cytosol is the primary
mechanism for Glu309 deprotonation. Although these studies
provided for the first time a mechanism for Glu309
deprotonation, the evidence presented in these studies is
based on pKa calculations performed on static crystal structures.
Furthermore, these studies did not provide time-resolved
information about the dynamics of the Glu309 side chain in
solution. Musgaard et al. performed all-atom MD simulations of
SERCA to determine the protonation states of transport site
residues in the E2 state, but the time scales used in this study
(10−50 ns) are probably insufficient to detect side-chain
structural transitions between low- and high-pKa orientations.

15

Alternatively, proton pathways have also been suggested to play
a role in E2 deprotonation,16,17 but these studies did not
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provide direct evidence of the coupling between proton
pathway formation and Glu309 ionization. Therefore, the
mechanisms by which the E2 state releases a proton from
Glu309 under physiological conditions remain unknown. In
this study, we used microsecond MD simulations and protein
pKa calculations to determine the mechanisms for Glu309
deprotonation in the E2 state under physiological conditions.

■ MATERIALS AND METHODS
Molecular Dynamics Simulations. We used three crystal

structures of E2 SERCA with a resolution between 0.24 and
0.31 nm as a starting point for our simulations (PDB entries
1iwo,8 2agv,18 and 3w5c19). On the basis of previous
studies,15,20 transport site residues E309, E771, and E908
were modeled as protonated, whereas D800 was kept ionized.
We adjusted the pKa of other ionizable residues to simulate
SERCA at pH ≈7.0. We inserted each protein in a pre-
equilibrated 12 nm × 12 nm POPC bilayer; these lipid−protein
systems were solvated using TIP3P water molecules. K+ and
Cl− ions were added to neutralize the system and to produce a
KCl concentration of ∼0.1 M. The final size of the systems was
∼220000 atoms. CHARMM36 force field topologies and
parameters were used for the protein, lipid, water, and ions.21,22

MD simulations were performed with NAMD 2.9.23

Simulations were performed at a constant pressure and
temperature of 1 atm and 310 K, respectively. We used
periodic boundary conditions,24 the particle mesh Ewald
method,25,26 a nonbonded cutoff of 0.9 nm, and a 2 fs time
step. Systems were warmed and equilibrated for 20 ns with
backbone atoms harmonically restrained using a force constant
of 1000 kcal mol−1 nm−2. Production trajectories were
performed for 1 μs each, for a total cumulative time of 3 μs.
Protein pKa Calculations. We used PROPKA 3.111,12 to

calculate the pKa values of Glu309 because of flipping of its side
chain. PROPKA estimates the empirical pKa values of ionizable
groups in proteins and protein−ligand complexes based on the
three-dimensional structure and benefits from explicitly
incorporating the Coulombic interactions that arise from
mutually titrating residues via the Tanford−Roxby procedure.27
PROPKA has previously been used to identify the protonation

states of acidic residues in SERCA28,29 and other P-type
ATPases, e.g., the Na+/K+-ATPase.30,31

We also used MCCE32,33 to calculate changes in Glu309 pKa
induced by the presence of water molecules near its side chain.
MCCE uses Monte Carlo sampling to determine side-chain
rotamers while keeping the main chain of the protein fixed. The
method does not allow the arbitrary definition of the protein
dielectric constant; therefore, pKa calculations in the presence
of water wires were performed using the highest dielectric
constant allowed by the program (e.g., εprotein = 8.0).

■ RESULTS
Structural Stability of E2 on the Microsecond Time

Scale. We determined the structural stability of the 10-helix
transmembrane (TM) domain of E2 SERCA on the micro-
second time scale. We measured the time-dependent changes in
the root-mean-square deviation (rmsd) of the TM domain for
each trajectory (Figure 2). In all three trajectories, the rmsd of

the TM domain shifts to a value of ∼0.15 nm but rapidly settles
at a plateau on the nanosecond time scale. We also found that
the rmsd of the transport sites did not deviate more than 0.2
nm in all trajectories. This small change in rmsd indicates that
the geometry of the transport sites in the trajectories is similar
to that in the crystal structures. These findings show that in
solution, protonation of transport site residues Glu309, Glu771,
and Glu908 locks the structure of the TM domain in a structure
similar to that in the crystal structures. These observations are
in agreement with previous MD studies of the E2 state
indicating that protonation of these residues is necessary for the
stability of this state.15,20

Flipping-Induced Glu309 Deprotonation. Analysis of
several crystal structures of E2 showed that the carboxylic
group of Glu309 is generally close to the backbone oxygen of
Val304 (<0.4 nm) (Table 1). Such a short distance suggests
that an orientation of Glu309 pointing toward the lumen is
stabilized by a hydrogen bond with Val304. Indeed, protein pKa

Figure 1. Flipping-induced mechanism for Glu309 deprotonation
proposed by Barth and co-workers.9,10 (A) Inward orientation, in
which the side chain of Glu309 points toward the lumen. In this
orientation, Glu309 is protonated and interacts with Val304 (B)
Glu309 pointing toward the cytosol in an outward orientation. The
direct interaction of the carboxylic group with the cytosol favors
Glu309 ionization. The average pKa of Glu309 in each orientation was
calculated using PDB entries 2c8k (inward) and 1iwo (outward). pKa
calculations were performed with PROPKA.11,12 The transmembrane
helices are shown as white ribbons and labeled for the sake of clarity.
Residues Val304 and Glu309, as well as Leu65 and Asn101, are shown
as sticks. The arrows indicate the direction of the lumen and cytosol.

Figure 2. Time-dependent changes in the rmsd of the TM domain of
SERCA. Each label indicates the crystal structure used as a starting
point for the MD simulations. The rmsd was calculated by superposing
only the 10-helix TM domain onto the structure at time zero. The
rmsd was calculated at 100 ps time intervals.
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calculations performed on crystal structures of E2 indicate that
Glu309 is protonated when it adopts an inward position (Table
1). However, it has been previously found that Glu309 points
outward toward the cytosol in a structure of E2 (PDB entry
1iwo). In this structure, the side chain of Glu309 is located far
from Val304 [∼0.9 nm (Table 1)] and the carboxylic group is
completely exposed to the cytosol. pKa calculations using this
crystal structure showed that flipping of Glu309 from an inward
to an outward position is sufficient to decrease the pKa and
promote Glu309 deprotonation (Table 1). This is in agreement
with previous studies9,10 suggesting that spontaneous side-chain
flipping deprotonates Glu309. We measured the distance
between the hydrogen-bonded carboxylic oxygen of Glu309
and the carbonylic oxygen of Val304 (R309−304) to determine
whether Glu309 flipping occurs under physiological conditions.
We complemented these distance measurements with protein
pKa calculations to determine whether side-chain flipping
events lead to Glu309 deprotonation.
To avoid bias against the outward orientation of Glu309 in

structure 1iwo, we modeled this residue as protonated.
Surprisingly, we found that protonation of this residue shifts
toward the occluded conformation during equilibration. This
finding indicates that Glu309 pointing toward the lumen is the
preferred orientation of Glu309 in E2 SERCA. This finding is
in agreement with crystallographic data (Table 1) and with
distance measurements between residues Glu309 and Val304.
Indeed, we found that Glu309 is hydrogen-bonded to Val304
for >90% of the time in the trajectories (Figure 3A). We also

observed transient increases in the distance between Glu309
and Val304. For instance, R309−304 in the MD trajectory of 1iwo
is ∼0.9 and 0.5 nm at 0.29 and 0.6 μs, respectively (Figure 3A).
Similar changes in R309−304 were observed in the MD
trajectories of 2agv and 3w5c. The increase in R309−304 is
coupled to the flipping of Glu309 toward the cytosol (Figure
3B). Protonated Glu309 adopts three orientations: bound to
Val304 (Figure 3B, left), partially flipped (Figure 3B, center), or
completely flipped toward the cytosol (Figure 3B, right). We
performed protein pKa calculations with PROPKA11,12 using
representative structures for each orientation to determine
whether flipping induces Glu309 deprotonation. Direct
interaction with the Val304 backbone oxygen favors Glu309
protonation (Figure 3B, left), in agreement with a recent study
by our group.20 We detected seven partial side-chain flipping
events in all trajectories combined [R309−304 = 0.35−0.65 nm
(Figure 3A, red ovals)]. The pKa of Glu309 is ∼8.0 when its
side chain is partially flipped (Figure 3B, middle panel).
However, this change in pKa is not sufficient to deprotonate
Glu309 at normal intracellular pH (7.0−7.2).36,37 Finally, our
analysis revealed only two events where Glu309 is completely
flipped toward the cytosol (Figure 3A, green ovals). Unlike
partial flipping, complete flipping effectively lowers Glu309 pKa
to a value of 6.5 (Figure 2B, right panel), thus favoring
deprotonation at physiological pH. Although our structural
sampling is limited to the microsecond time scale, our analysis
indicates that flipping-induced Glu309 deprotonation occurs
infrequently (fewer than one deprotonation event per micro-
second) under physiological conditions.

Transient Water Wires Induce Deprotonation of
Glu309. Recent studies have revealed the presence of several
ion pathways in SERCA,16 including transient proton release
pathways.38 Therefore, we searched for proton release pathways
between Glu309 and the lumen/cytosol in the trajectories of
the E2 state. We found the presence of a narrow (0.55 nm in
diameter) water pore connecting Glu309 with the cytosol
(Figure 4). The pore is formed by the side chains of residues

Glu309, Val62, Leu65, and Leu98. Examination of the water
accessibility to this pore revealed that the equilibrium shifts
toward a dry Glu309 structure (Figure 4). We detected only
between 3 and 10 water pore formation events in each
trajectory.
We found that between three and five of the water pore

formation events form hydrogen-bonded water wires connect-
ing Glu309 with the cytosol. Three water molecules form each
water wire (Figure 5). The average water wire lifetime is ∼113
ps (Table 2). We identified two arrangements of water wires:

Table 1. Properties of Glu309 in Crystal Structures of E2

PDB entry R304−309 (nm) pKa
309a orientation

1iwo8 0.90 6.4 outward
2avg18 0.26 8.7 inward
2ear34 0.41 8.3 inward
2eat34 0.46 8.7 inward
2c8k35 0.29 9.0 inward
2eau34 0.33 9.7 inward
3w5c19 0.27 9.7 inward

apKa values were calculated with PROPKA.11,12

Figure 3. Flipping-induced deprotonation of Glu309. (A) Time
evolution of the distance between the carboxylic oxygen of Glu309 and
the backbone oxygen of Val304. Red and green ovals indicate partial
and complete flipping, respectively, of Glu309 toward the cytosol. (B)
Structures of hydrogen-bonded (left), partially flipped (middle), and
completely flipped (right) Glu309. The pKa of Glu309 in each
structural arrangement is shown at the bottom of each panel. The TM
helices are shown as gray ribbons and individual residues as sticks.

Figure 4. Location of the Glu309−cytosol water pore in E2. The
location of the water pore is shown inside the red box; water is shown
as a green surface. We found that water molecules transiently reach the
carboxylic group of Glu309 (left). However, we found that the
equilibrium shifts toward a dry Glu309 conformation (right). The TM
helices of SERCA are shown as ribbons. The cytosolic/luminal sides of
the membrane and the TM helices are labeled for the sake of clarity.
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(i) water wires formed between the carboxyl group of Glu309
and the carboxamide group of Asn101 (Figure 5A) and (ii) a
water wire that is stabilized by a hydrogen bond between
Asn101 and the water molecule in the center of the wire
(Figure 5B). The preference for each water arrangement
depends on the presence of a hydrogen bond between the
amide moiety of Asn101 and the backbone hydrogen of Glu309
(Figure 3). However, this hydrogen bond does not interfere
with the stability of the water wires.
We used MCCE32,33 to calculate the changes in pKa of

Glu309 induced by the formation of water wires. In the
presence of these transient water wires, Glu309 has pKa values
between 6.2 and 6.5. This indicates that these transient water
wires promote deprotonation of Glu309. Although we did not
explicitly include protons in our simulation, previous computa-
tional studies of proton translocation through water wires
indicate that an average lifetime of 100 ps is required for
protons to permeate a 3 nm channel.39 Therefore, we propose
that these water wires facilitate the translocation of protons to
the cytosol via Grotthuss shuttling39,40 because the water wires
are much shorter (<1 nm) and form within the 100 ps lifetime
range required for proton translocation.
Effects of Deprotonation on the Structural Dynamics

of Glu309. We found that both water wire formation and
Glu309 flipping can contribute to Glu309 deprotonation.
However, our MD simulations were performed in the presence
of an explicit proton bound to Glu309. Therefore, an important
question arises from our findings: Does Glu309 fluctuate
between inward and outward orientations upon deprotonation?
We performed three 0.5 μs MD simulations of E2 SERCA in
the absence of a proton at Glu309 to address this issue. We
used three different structures as a starting point for these
simulations: (i) crystal structure 1iwo, in which Glu309 points
toward the cytosol in this crystal structure, (ii) a structure

extracted from trajectory 2agv at 0.04 μs (Figure 3A, middle
panel), and (iii) a representative structure of 3w5c in which a
water wire connects Glu309 with the cytosol. We found that
during equilibration, deprotonated Glu309 remains in an
outward orientation. In the cases in which Glu309 initially
adopts an inward conformation, Glu309 rapidly separates from
Val304 upon deprotonation and rapidly flips toward the
outward orientation during equilibration (10 ns). This finding
is not surprising because proton removal induces electrostatic
repulsion between the negatively charged carboxylic group of
Glu309 and the backbone oxygen of Val304.
To further determine whether deprotonated Glu309 under-

goes a reversible inward-to-outward transition similar to that of
protonated Glu309, we measured the distance between Glu309
and Val304 (Figure 6). In general, we found that Glu309 and

Val304 are separated by at least 0.8 nm (Figure 6), indicating
that deprotonated Glu309 adopts an outward orientation
pointing toward the cytosol. However, we found that the
distance between Glu309 and Val304 in the trajectory starting
from crystal structure 1iwo decreases by ∼0.3 nm between 0.02
and 0.1 μs, as well as between 0.45 and 0.5 μs and in the
simulation (Figure 6A). This change is coupled to a partial
transition of Glu309 toward an inward orientation pointing to
the lumen. Although protein pKa calculations indicate that
Glu309 is deprotonated in this partially flipped orientation, it is
possible that Glu309 may sequester a proton from the cytosol
to adopt a high-pKa orientation (Figure 3B). Nevertheless, our
data indicate that although outward-to-inward flipping of
deprotonated Glu309 occurs in solution, Glu309 primarily
adopts an outward orientation pointing toward the cytosol.

■ DISCUSSION
Early computational studies have suggested that the primary
mechanism for Glu309 deprotonation is the structural
transition between inward (high-pKa) and outward (low-pKa)
orientations of Glu309.9,10 However, the MD trajectories in this
study revealed not one but two mechanisms for Glu309
deprotonation: Glu309 flipping and water wire formation
between Glu309 and the cytosol. Our findings indicate that
Glu309 flipping and water wire formation are two events that
occur independently. For instance, water wire formation does
not initiate flipping of Glu309 toward the cytosol; in fact,
Glu309 flipping occurs most effectively when the region of

Figure 5. Structure of the water wires linking Glu309 with the cytosol.
(A) Geometry of the water wire connecting the carboxylic group of
Glu309 with the carboxamide group of Asn101. (B) Structure of the
Glu309−cytosol water wire. This geometry is stabilized by the
formation of a hydrogen bond between Asn101 and the water
molecule in the center of the wire. The arrow indicates the direction of
proton translocation. Glu309 and water molecules are shown as
spheres; other residues that form the water pore are shown as sticks.

Table 2. Water Wires Detected in the Trajectories

MD trajectorya no. of water wires water wire lifetime (ps)b

1iwo 3 95 ± 32
2agv 5 134 ± 28
3w5c 4 112 ± 38

aPDB entries are used as identifiers for each 1 μs trajectory. bReported
values are means ± SD.

Figure 6. Effects of Glu309 deprotonation on the Glu309−Val304
distance. (A) Time evolution of the distance between the carboxylic
oxygen of Glu309 and the backbone oxygen of Val304 using crystal
structure 1iwo as a starting structure. (B) Changes in the Glu309−
Val304 distance upon deprotonation of a structure extracted from
trajectory 2agv at 0.04 μs (Figure 1A, middle panel). (C) Distances
between Glu309 and Val304 in a trajectory starting from a
representative structure of 3w5c in which a water wire connects
Glu309 with the cytosol. The raw data are colored gray, and the time-
averaged data sampled every 1 ns are colored black.
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SERCA surrounding Glu309 is devoid of water molecules. We
found that in solution, both mechanisms for Glu309 are
operational in SERCA. However, our data suggest that Glu309
flipping is not the primary mechanism for Glu309 ionization.
Indeed, we found that Glu309 flipping and water wire
formation deprotonate Glu309 at a relative rate of 0.7 and 3
ionization events per microsecond, respectively. These relative
rates are based on 1 μs simulations, so the results should be
interpreted with caution; these numbers would probably
change significantly if the simulations were extended. Never-
theless, these relative rates indicate that water wire formation
occurs more frequently than side-chain flipping. Therefore, we
propose that water wire formation is the primary mechanism
for Glu309 deprotonation and countertransport of protons to
the cytosol. The relative rate for Glu309 deprotonation through
water wire formation occurs on the microsecond time scale,
much faster than the rate of ATP-dependent calcium transport
molecular turnover by SERCA (∼30 Ca2+ ions per SERCA
molecule per second). Therefore, Glu309 deprotonation is
independent of ATP hydrolysis, thus shifting the equilibrium
toward the high-Ca2+ affinity E1 state under physiological
conditions.14 These observations indicate that the time scale for
Glu309 deprotonation found in the MD trajectories occurs
within a physiological window.
Previous studies have suggested the presence of at least two

ion pathways in SERCA that can be used for proton
countertransport. Hauser and Barth proposed that Glu309
serves as a proton shuttle between the transport site and the
cytosol.9 On the other hand, Bublitz et al. have suggested that
the E2 state has two cytosolic pathways located near the N- and
C-termini of the TM helices working in concert.16 The authors
have suggested that metal ions and protons are transported
primarily through the N-terminal and C-terminal pathways,
respectively. Therefore, the question of which pathway is the
primary pathway for proton countertransport in E2 arises from
our simulations. A recent study of the proton pump showed
that a conserved residue, Asn106, plays a central role in proton
occlusion via interaction with residue Asp684.41 Studies of
protonation and/or deprotonation of Asp96, the proton donor
to the Schiff base in the M2′ → N reaction in bacteriorhodop-
sin, have shown that replacement of Asp96 with an asparagine
makes the proton transfer very slow and pH-dependent.42−44

These studies suggest that while protons could be transported
from Glu771 to Glu309, Asn796 likely increases the energetic
barrier for proton transfer, thus substantially decreasing the rate
of translocation of protons to the cytosol. Therefore, it is
unlikely that proton countertransport occurs primarily through
Glu309 via Asn796.9,17 Instead, we propose that while the
release of a proton from Glu309 occurs through the N-terminal
region of the TM domain, proton countertransport from the
transport site residue Glu771/Glu908 likely occurs through a
C-terminal pathway proposed by Bublitz et al.16 This C-
terminal pathway proposed by Bublitz et al.16 and confirmed by
our studies (Figure 4) is completely open in E2, thus providing
a proton translocation pathway that is virtually barrierless. In
this case, proton countertransport from Glu771/Glu908 to the
cytosol via the C-terminal pathway is probably coupled to
binding of a metal ion to these residues from the N-terminal
pathway,16 thus facilitating countertransport of two protons
coupled to the E2−E1 transition.2,3

Finally, previous studies have shown that the SR membrane
is permeable to protons, and that proton leakage accounts for
5−10% of the necessary charge compensation during the

release of calcium to the cytosol.45 We have recently suggested
that SERCA has the ability to passively transport protons
toward the lumen using an inhibited E1 intermediate state
protonated at Glu771, E1·H+

771. In this intermediate, water
wires form between transport site residue Glu908 and the
lumen, thus providing a unidirectional proton pathway toward
the lumen.38 Our simulations revealed that protonated Glu309
undergoes an outward-to-inward side-chain transition; there-
fore, proton shuttling from the cytosol to the lumen might
occur through E2. However, it is unlikely that passive proton
transport occurs in the E2 state via Glu309 because (i) protons
might encounter a large energy barrier along the Glu771/
Asn796 pathway and (ii) unlike E1·H+

771, we did not observe
the presence of simultaneous cytosolic and luminal pathways
necessary for translocation of protons to the lumen.

■ CONCLUSION
In conclusion, we used microsecond atomistic simulations to
identify the mechanisms for Glu309 deprotonation in the E2
state of SERCA. Structural analysis and pKa calculations
showed that Glu309 deprotonation occurs by an inward-to-
outward side-chain transition. We also found that Glu309
deprotonation and proton countertransport occur through
transient (∼113 ps) water wires connecting Glu309 with the
cytosol. Although both mechanisms are operational, we found
that transient water wire formation, and not Glu309 flipping, is
the primary mechanism for Glu309 deprotonation and
translocation of protons to the cytosol. The outward-to-inward
transition of protonated Glu309 and the presence of water
wires suggest that protons from the cytosol might be passively
transported to the lumen via Glu309. However, structural
analysis indicates that that passive SR proton leakage into the
lumen unlikely occurs through Glu309. These findings provide
a time-resolved visualization of the first step in the molecular
mechanism of SERCA activation and proton transport across
the SR membrane.
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