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ABSTRACT: The P-type ATPases are responsible for the
transport of cations across cell membranes. The sarco(endo)-
plasmic reticulum Ca**-ATPase (SERCA) transports two Ca**
ions from the cytoplasm to the lumen of the sarco(endo)-
plasmic reticulum and countertransports two or three protons
per catalytic cycle. Two binding sites for Ca** ions have been
located via protein crystallography, including four acidic amino
acid residues that are essential to the ion coordination. In this
study, we present molecular dynamics (MD) simulations

X-ray structure versus MD simulation (50 ns)
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examining the protonation states of these amino acid residues in a Ca**-free conformation of SERCA. Such knowledge will be
important for an improved understanding of atomistic details of the transport mechanism of protons and Ca®' ions. Eight
combinations of the protonation of four central acidic residues, Glu309, Glu771, Asp800, and Glu908, are tested from 10 ns MD
simulations with respect to protein stability and ability to maintain a structure similar to the crystal structure. The trajectories for
the most prospective combinations of protonation states were elongated to 50 ns and subjected to more detailed analysis,
including prediction of pK, values of the four acidic residues over the trajectories. From the simulations we find that the
combination leaving only Asp800 as charged is most likely. The results are compared to available experimental data and explain
the observed destabilization upon full deprotonation, resulting in the entry of cytoplasmic K* ions into the Ca** binding sites
during the simulation in which Ca*" ions are absent. Furthermore, a hypothesis for the exchange of protons from the central

binding cavity is proposed.

P roteins that belong to the superfamily of P-type ATPases
are found in both prokaryotes and eukaryotes, and these
essential proteins translocate cations such as H', K¥, Na’, and
Ca® across biological cell membranes by primary active
transport." The structurally best characterized P-type ATPase
is the sarco(endo)plasmic reticulum Ca®>*-ATPase (SERCA)
with more than 30 high-resolution crystal structures available
(e.g, refs 2—S5), including structures of several different
conformational states of the catalytic cycle. SERCA is
responsible for terminating muscle contractions by transporting
Ca’ ions from the cytoplasm and into the lumen of the
sarcoplasmic reticulum (SR) where Ca®* ions are stored. The
energy for the transport is obtained through hydrolysis of ATP,
and during the functional cycle, the protein thus becomes
phosphorylated and dephosphorylated, hence the name “P-
type”. The phosphorylation of the protein by the y-phosphate
of ATP is coupled to large-scale conformational changes driving
the transport of Ca®* ions as recently reviewed in detail by
Moller et al.”

During a single functional cycle, hydrolyzing one ATP

molecule, two Ca®" ions are transported from the cytoplasm to
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the lumen of the SR.® In addition to the transport of Ca>" ions,
SERCA countertransports protons.” For each functional cycle,
two or three protons, depending on the pH, are transported
from the SR lumen to the cytoplasm.”™'* The countertransport
of two protons is most likely, while the countertransport of four
protons can be completely dismissed because that scenario

would not give rise to the measured electrostatic currents.'?
The overall conformation of SERCA is described by either

El (Ca®*-bound form) or E2 (Ca*-free, protonated form),
similar to what was first proposed for the Na*/K*-ATPase.'>'*
In the E1 state, the cation binding sites face the cytoplasm, the
Ca’ affinity is high, and the protein works as a kinase
phosphorylating Asp3S1. In the E2 state, the cation binding
sites face the SR lumen, the Ca®* affinity is low, and the protein
works as a phosphatase. For the sake of simplicity, we will here
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refer to these forms mainly as a Ca**-bound form (i.e, E1) and
Ca**-free form (ie., E2).

The structure of SERCA is comprised of a transmembrane
(TM) domain consisting of 10 TM helices, termed TM1-10,
and a cytoplasmic headpiece as illustrated in Figure 1A. The
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Figure 1. Structure of SERCA and the Ca** ion binding sites. (A)
Structure of SERCA in a conformation deprived of Ca** ions and ATP
(PDB entry 3NAL, resolution of 2.65 A**). The N-domain is colored
red, the A-domain yellow, and the P-domain blue; TM1 and TM2 are
colored magenta, TM3 and TM4 green, TMS and TM6 ochre, and
TM7—TMI10 and loop regions gray. Glu309, Glu771, Asp800, and
Glu908 in the middle of the TM domain are involved in Ca** ion
coordination in the Ca**-bound state and are shown in violet vdW
representation to indicate the position of the Ca’" ion binding sites.
The approximate position of the membrane is indicated, and the
directions of transport of Ca’ ions and protons are noted. (B)
Enlargement of the unoccupied Ca®" ion binding sites showing the
residues that coordinate Ca®* ions in the Ca**-bound state. Distances
of <3.5 A are marked by black lines. Same structure as in panel A. (C)
Enlargement of the Ca®" ion binding sites in the Ca’"-bound state
(PDB entry 1TSS, resolution of 2.60 A*%). Ca¥" ion coordinations are
marked by black lines. For panels B and C, backbone atoms of the
residues are shown only where relevant, and the same view is used.

Ca’" ion binding sites are located approximately in the middle
of the TM domain and are rich in negative charge and oxygen
atoms as seen in Figure 1B. When bound, the Ca** ions are
coordinated by four acidic residues (Glu309, Glu771, Asp800,
and Glu908) and, additionally, five carbonyl oxygen atoms from
either the protein backbone (Val304, Ala30S, and 1le307) or
from two asparagine side chains (Asn768 and Asn796). In

addition to this, the oxygen atoms from the hydroxyl group of
Thr799 and a water molecule are found in the binding site (see
Figure 1C). The residues framing the binding sites are
positioned in TM4—TM6 and TMS. In the Ca**-bound form
of SERCA, the two bound Ca** ions, separated by 5.7 A, are
termed Ca-I and Ca-Il, respectively, with Ca-II located closest
to the cytoplasmic side (Figure 1C). The binding sites are
likewise termed site I and site II. The cytoplasmic headpiece is
composed of three well-defined domains, the P-domain, the N-
domain, and the A-domain® (see Figure 1A).

The function of SERCA is to transport Ca®* ions from the
cytoplasm to the SR lumen and protons in the opposite
direction. The countertransport of protons is, however,
believed neither to provide energy for transporting Ca** ions
against the concentration gradient nor to cost energy because
the SR membrane is known to be permeable to protons.'®
Instead, the protons are believed to be present to neutralize
some of the excess negative charge in the unoccupied Ca** ion
binding sites, and time-resolved Fourier transform infrared
difference spectroscopy (FTIR) has indicated that at least two
carboxyl groups become protonated when Ca®** ions are
released from the Ca?*-bound state.'® These carboxyl groups
most likely belong to the residues also involved in high-affinity
Ca** binding,'® Additionally, from measurements of charge
movements across the membrane, it was demonstrated that the
pK, values of some acidic residues, presumably in the Ca** ion
binding sites, increase as the enzyme undergoes the conforma-
tional change from the E1P (phosphorylated and Ca**-bound)
to the E2P (phosphorylated and Ca*'-free) state'” in the
catalytic cycle. Furthermore, studying digestion patterns of
SERCA at different pH values led Inesi et al.'’ to propose that
the conformation of SERCA will change from E2 to E1 when
the protons dissociate from the acidic residues due to a
destabilization of the E2 state. Thus, the countertransported
protons are expected to be bound to some of the four acidic
residues in the Ca>* ion binding sites, namely, Glu309, Glu771,
Asp800, and/or Glu908, for the purpose of stabilizing the Ca**-
free state. Because the hydrogen atoms are not visible from the
X-ray structure, it is not known which of the residues should be
protonated in the Ca**-free state.

Several studies have focused on the countertransport process
and the acidic residues that are involved, mostly by computa-
tional approaches,'® *° but also mutational studies and IR
experiments have contributed with knowledge leading to
suggestions about protonation states.”?**' Continuum elec-
trostatics calculations used for pK, prediction have suggested
that in the Ca**-free state, Glu771, Asp800, Glu309, and
Glu908 (in descending order of probability) should be
protonated.18 Using a similar method, it was, however,
additionally argued that Glu908 and GluS8 (outside of the
Ca’" ion binding sites) should be protonated in the Ca**-bound
state."® On the other hand, studies using multiconformational
continuum electrostatics (MCCE) calculations have suggested
that both GluS8 and all four Ca** ion-coordinating acidic
residues should be deprotonated in the Ca**-bound state.”® In
combination with FTIR, such MCCE calculations have further
proposed that Glu771, Asp800, and Glu908 are protonated in
the Ca**-free state.’®?! From those results, Glu309 is not
expected to be protonated. However, from protease digestion
studies of two mutant proteins, Glu309GIn and Glu771Gln, it
was proposed that the Glu309 and Glu771 side chains are
protonated in the Ca*-free state.'” Overall, the questions of
which and how many of the four acidic residues in the
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unoccupied Ca’* ion binding sites to protonate have still not
been answered. Except for molecular dynamics (MD)
simulations on the Ca’*-bound state,'”** no MD simulation
studies have been published comparing the effect of different
protonation schemes in the Ca®" ion binding sites of SERCA. A
very recent study of the related Na'/K'-ATPase studied the
protonation of the central ion binding sites in the K*-loaded E2
state for describing the different cation selectivities exerted in
the different functional states.>> It was found likely that Glu334,
Glu786, and Asp81S5 must be protonated in the so-called E2-P;
state of Na*/K'-ATPase, corresponding to Glu309, Glu771,
and Glu908 of SERCA, respectively.

In this study, we present comprehensive investigations of this
question via MD simulations of the Ca*'-free state using
different combinations of protonation states in the unoccupied
Ca’" ion binding sites. Furthermore, we explore the effect of
deprotonating all of the four acidic residues being studied to
determine whether “full” deprotonation destabilizes the Ca*'-
free state, as suggested by Inesi et al,'” eventually transforming
SERCA to be more El-like. Such a large conformational change
is, however, beyond the reach of the S0 ns time scale of this
study.

B EXPERIMENTAL PROCEDURES

Protonation of the Four Acidic Residues in the Ca**
lon Binding Sites. A recently determined Ca*'-free SERCA
structure with a single thapsigargin-like inhibitor bound** was
used for the studies presented here. Structures of a Ca*'-free
state (E2-P-like) with AIF,” bound as a transition state
analogue for the dephosphorylation reaction have demon-
strated that the structural effects of the binding of a
thapsigargin-like inhibitor are minimal;>~> thus, the same is
presumed to be the case for the Ca**-free E2 state. Based on a
visual analysis of the unoccupied Ca** ion binding sites
identifying possible hydrogen bonds, and predictions of the pK,
values by PROPKA 2.0 for the four acidic residues, the

Table 1. MD Simulation Setups®

setup  Glu309  Glu771  Asp800  Glu908  simulation time (ns)
A H H - H NY
B H H — — 10
C - H - H 10
D H H H H S0
E - - - - 50
F H H H - S0
G H — — H 10
H - H H H 10

“Different setups used for MD simulations performed to study the
protonation states of the unoccupied Ca** binding sites in the E2 state.
“H” denotes that the residue is protonated, and a dash denotes that the
residue is treated as negatively charged.

eight protonation schemes shown in Table 1 were chosen for
analysis.

MD Simulation Protocol. The protein structure used as
starting structure was a Ca’*-free conformation of SERCA
(PDB entry 3NAL**) refined in the high-symmetry space group
P4,2,2 to a resolution of 2.65 A. The structure was obtained
from crystallization at a close-to-physiological pH value of 6.8
in a mixture of lipid molecules and octaethylene glycol dodecyl
ether. We have recently shown that the presence of detergent
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molecules does not influence the protein structure signifi-
cantly.”” Further, the presence of the thapsigargin-like inhibitor
is not expected to affect the protein structure as mentioned
above. Thus, the crystal structure is expected to represent the
physiological protonated E2 functional state well. An alternative
structure would be PDB entry 2AGV,"® refined to a resolution
of 240 A but in the lower-symmetry space group P4,.
Furthermore, this structure binds an additional inhibitor (2,5-
di-tert-butylbenzene-1,4-diol), which could impose structural
changes on potential ion binding pathways.

The bound thapsigargin analogue was deleted from the
protein together with a Mg®" ion. The Mg** ion is coordinated
by both an ATP molecule and the protein in ATP-bound
states;* however, the ion has not been shown to be important
for the ATP-free state. The protein, a structurally bound K*
ion,”® and the crystallographically resolved water molecules
were retained. A disulfide bond was incorporated between
Cys876 and Cys888,>” and protonation states for the four acidic
residues in the vacant Ca** ion binding sites were chosen as
noted in Table 1 for the eight setups. Other protonation states
were assigned using the PROPKA-predicted pK, values and
visual analysis. Asp703, with a predicted pK, value of 8.9 and
located close to Asp351 and Asp707 in the P-domain, was
protonated as suggested by PROPKA 2.0. The different setups
are summarized in Table 1.

The protein was embedded in a 115 A X 125 A
palmitoyloleoylphosphatidylcholine (POPC) membrane gen-
erated by the membrane builder of VMD.?® SERCA is in vivo
positioned in the SR membrane. POPC has been described as a
reasonable model for the native SR membrane;>’ thus, a POPC
membrane was chosen for the MD studies. The protein was
positioned in the membrane as su§§ested by the Orientation of
Proteins in Membrane database.” The system was solvated
using the Solvate package of VMD, employing the TIP3P water
model,* to produce a simulation box with dimensions of 115 A
X 125 A x 163 A. KCl was added to neutralize and to give an
ionic concentration of 0.2 M with the VMD Ionize plugin. Final
systems had a size of around 204000 atoms.

MD simulations were performed utilizing NAMD version
2.6* and applying the CHARMM?27 force field,** including the
CMAP correction for the protein backbone dihedral angles.*®
The parameters for counterions, K* and CI7, from Beglovd and
Roux’® were employed as included in the CHARMM27 force
field. The potential energy for each system was initially
minimized for 15000 steps followed by an equilibration of the
lipid tails, in which the tails of the lipids were free to move
while the rest of the system was fixed. The lipid equilibration
was performed in the NVT ensemble for 0.5 ns. A temperature
of 310 K was maintained by applying Langevin dynamics with a
damping coefficient of 0.1 ps~'. Following lipid equilibration,
the system was released and every atom was free to move in the
NPT ensemble for 2 ns. The damping coefficient for
controlling the temperature (310 K) with Langevin dynamics
was 0.5 ps™'. A pressure of 1 atm was maintained using the
Langevin piston Nosé-Hoover method>”*® with a piston period
of 100 fs and a damping time scale of 50 fs.

To control the fluidity of the membrane, the area of the
membrane was fixed after 2 ns, changing to the NP AT
ensemble for the remaining simulation time. Temperature and
pressure were controlled as for the NPT ensemble. Periodic
boundary conditions were adopted, and the particle mesh
Ewald method*accounted for electrostatics with a maximal
grid spacing of 1 A. A cutoff of 12 A was used for short-range
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nonbonded interactions with a switching function starting at 10
A. The pair list with a cutoff of 14 A was updated every 20
steps. A time step of 1 fs was used for evaluating all bonded
interactions, while short-range nonbonded interactions were
evaluated every 2 fs and full electrostatics every 4 fs. Snapshots
were written every picosecond. The total simulation times for
each system are listed in Table 1. For the purpose of checking
the reproducibility of the results, the simulation with setup A
was repeated with exactly the same settings as applied here.

Analysis of MD Simulations. For the analysis of the
hydrogen bonding patterns in the vacant Ca*" ion binding sites,
all possible hydrogen bonds involving the carboxyl and
carboxylate groups of the four acidic residues in the Ca®* ion
binding sites were identified for all simulations, employing the
Hydrogen Bonds plugin for VMD. For each of these identified
hydrogen bonds, the relevant distance between the hydrogen
bond acceptor atom and the hydrogen atom (A--H) and the
hydrogen bond angle (A--H—D) were measured for all
simulations employing every 10th snapshot. The population
of each hydrogen bond was calculated as the fraction of the
time it was present for each simulation using a distance cutoff
of 2.5 A for the A-H distance and a cutoff of 120° for the
A---H—D angle. Hydrogen bonds present for at least 10% of the
simulation time for at least one simulation were considered in
the analysis of the hydrogen bonding pattern.

Prediction of pK, values as a function of time was performed
with a locally installed version of PROPKA 3.0.** PROPKA
predicts the pK, values by calculating environmental
perturbations of pK, values and adds these to the intrinsic
pK, value.***** Snapshots of the protein structure extracted
from the simulation every nanosecond were used for the pK,
prediction.

B RESULTS

In this paragraph, the relevance of the chosen protonation
setups is outlined before we move to a presentation of the
results from the MD simulations. An initial visual analysis of the
Ca®* ion binding sites suggests that Glu309, Glu771, and at
least one of the residues Asp800 or Glu908 are protonated.
This suggestion follows from identifying heteroatom distances
of <3.5 A as indicated in Figure 1B. On this basis, Glu309 must
be protonated because of the proximity of backbone carbonyl
oxygen atoms of Val304 and Ile307 to the carboxylate group of
Glu309. Glu771 is probably protonated because of the short
distance between the carboxylate and Asn796(O6). Further-
more, the carboxylate groups of Asp800 and Glu908 are located
close to one another, and therefore, at least one of these is
expected to be neutral. Both of these scenarios were tested in
setups A and F, respectively (see Table 1). In setup B, a proton
is removed from Glu908 to test whether a proton was really
required on either Asp800 or Glu908 to retain binding site
stability. The pK, values of the four acidic residues, Glu309
(pK, = 6.5), Glu771 (pK, = 8.0), Asp800 (pK, = 5.2), and
Glu908 (pK, = 12.2), were further predicted by PROPKA
2.0*>% and used for assignment of protonation states. At a
physiological pH of approximately 7.4, the predicted pK, value
for Glu908 therefore suggests it to be fully protonated, Asp800
does not seem to be protonated, and Glu771 is suggested to be
predominantly protonated. In contrast to the visual inspection,
Glu309 should only be protonated to a small extent on the
basis of the predicted pK, value, assuming that the pH inside
the protein is comparable to the exterior physiological pH. Such
a protonation scheme is tested as setup C. In setup D, a proton

on Asp800 was added compared to setup A to investigate if
both Asp800 and Glu908 might be protonated, as suggested by
other studies.'”***! In setup E, all protons were removed from
the four acidic residues being studied to examine whether full
deprotonation results in destabilization of the Ca**-free state in
a manner similar to the proposal of Inesi et al.'” Setup G was
run to inspect how the stability was affected by deprotonation
of Glu771. Finally, setup H tested the protonation scheme
suggested by a combination of time-resolved FTIR and MCCE
calculations.***!

The analysis of the MD simulations focused on protein
stability, the hydrogen bonding patterns in the unoccupied Ca*"
ion binding sites, and visual inspections of the organization of
the residues in these binding sites. The aim was to identify a
protonation scheme of the acidic Ca** ion coordinating
residues that results in a stable protein structure resembling
the crystal structure. First, all setups were studied after
simulation for 10 ns. Following this analysis, the most stable
and functionally interesting setups were selected and the
simulations were continued to 50 ns. Additionally, setup E, with
fully deprotonated ion binding sites, was also continued to 50
ns to follow the observed destabilization on a longer time scale.
Finally, the 50 ns simulations were analyzed as described for the
10 ns simulations, and furthermore, predictions of pK, values
along these trajectories were undertaken.

Protein Stability. The simulations using setups A—H were
analyzed after MD simulation for 10 ns. The stability of the
protein was assessed by examining the root-mean-square
deviations (rmsd's) for the different setups. The overall rmsd's
for the eight different setups relative to the crystal structure are
shown in Figure S1 of the Supporting Information. It is found
that the rmsd values for all setups fell between 2 and 3.5 A after
simulation for 10 ns. Rmsd values of >5 A have recently been
reported for 10 ns simulations of a Ca**-bound state of
SERCA;** thus, the rmsd values reported for setups A—H were
well within an acceptable range of a stable SERCA protein. The
fluctuations and the size of the rmsd can mainly be ascribed to
interdomain movements, and Figure S2 of the Supporting
Information shows rmsd graphs for the individual domains for
each simulation. It is evident from these graphs that the
cytoplasmic domains were in general very stable. Each graph in
Figure S2 of the Supporting Information also shows the overall
rmsd (including all C, atoms) and the rmsd for the
transmembrane domain. The rmsd of the transmembrane
domain was quite stable as well, as discussed below, and thus,
the overall higher rmsd's were caused by interdomain
movements in the 994-residue large protein. Therefore, the
overall protein structure is concluded to be stable in all setups.

Because the acidic residues coordinating the Ca®" ions in the
Ca’*-bound state are located in the middle of the trans-
membrane domain, the effect of altering the protonation states
of these residues in the Ca**-free state would be expected to
have a larger impact on the stability of the transmembrane
domain than the cytoplasmic domains. The rmsd values for the
transmembrane domain seem to fall into two “groups”, with
setups C, E, and G belonging to one group with slightly higher
overall rmsd's and setups A, B, D, F, and H to the other group
with overall rmsd's of close to 1 A (see Figure S1 of the
Supporting Information); however, the difference is small.

The root-mean-square fluctuation (rmsf) for the binding site
residues (Figure 2) shows that the fluctuation is smallest for
setups A, D, and F. For setup B, binding site I with Glu908
fluctuates more, and this is likewise found for site II with
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Figure 2. Root-mean-square fluctuations for binding site residues depicted using the color scale shown in the bottom right panel. rmsf values were
calculated using 1000 snapshots evenly distributed over the 10 ns trajectory after aligning according to the four helices enclosing the binding sites

(TM4—TM6 and TMS).

Glu309 in setup C. For setup E, the fluctuation for all residues,
including also backbone regions, is increased. For setup G,
especially site II and Glu771 seem to be destabilized, and for
setup H, binding site II and Glu309 fluctuate.

Hydrogen Bonding Patterns over 10 ns. A vigorous
analysis of possible hydrogen bonding patterns in the
unoccupied ion binding sites was undertaken to establish
which setups conserve the Ca’* ion binding sites present in the
crystal structure the best. The occupancies of the various
hydrogen bonds with a carboxyl or carboxylate group of
Glu309, Glu771, Asp800, and Glu908 for all eight simulations
are summarized graphically in Figure S3 of the Supporting
Information. It should be noted that only hydrogen bonds to
other protein components and thus not to water molecules
were considered. The orientation of the hydrogen bonding
residues and the presence of water molecules in the Ca**-free
binding sites after MD simulation for 10 ns were visually
analyzed and compared to the crystal structure (see Figure 3).
First, it will be outlined why the protonation schemes modeled
in setups B, C, E, G, and H result in binding sites where the
hydrogen bonding patterns are distorted to such a degree even
after 10 ns that the setups can be rejected as irrelevant. Then
we continue to show that the protonation schemes modeled in
setups A, D, and F result in trajectories conserving the crystal
structure environment sufficiently to demand a more thorough
investigation.

For setups C, E, and G, which showed the highest rmsd's of
the TM domain, the detailed analysis of the hydrogen bonding
pattern revealed patterns differing markedly from the pattern

11113

expected from the crystal structure. For setup E, the
deprotonation of all four acidic residues results in an almost
complete lack of the expected hydrogen bonds as evidenced in
Figure S3 of the Supporting Information, where especially
hydrogen bonds involving Glu309 and Glu771 are absent. This
is clearly seen in Figure 3 to lead to a disturbed binding site,
and Figure 2 further illustrates considerable fluctuation of the
binding site residues. Glu309 is rotated and points the side
chain toward a water-filled cavity leading to the cytoplasm
(Figure 3). Many water molecules enter the binding site to
interact with the four acidic residues, and furthermore, a K* ion
has entered the site, illustrating that full deprotonation
definitely destabilizes the binding site interactions. For setup
G, the deprotonated Glu771 is seen in Figure 3 to destabilize
the binding site by moving away from Asn796 and instead
interacting with many incoming water molecules located in the
Glu309 side of the ion binding sites (the Ca-II site). In the Ca-I
site, Asp800 does not form any of the expected hydrogen bonds
in this setup, as indicated in Figure S3 of the Supporting
Information. The deprotonation of Glu309 in setup C disturbs
the hydrogen bonding pattern of Glu309, which loses the
hydrogen bonds to Val304 and Ile307 and makes a hydrogen
bond to Gly310 instead (see Figure S3 of the Supporting
Information). Glu309 seems to drag Asn796 along, whereby
the direct interaction between Glu771 and Asn796 is eventually
lost, only being occupied for ~40% of the sampled structures.
Thus, for all three protonation schemes present in setups C, E,
and G, the hydrogen bonding patterns around both Glu309 and
Glu771 are distorted in such a way that they clearly do not
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Figure 3. Vacant Ca®" ion binding sites after 10 ns of MD simulation with different amino acid protonation setups (A—H). The position of the Ca**
ion coordinating residues in the crystal structure (PDB entry 3NAL**) is included in light green in all panels for comparison. Only water molecules
interacting with carboxyl or carboxylate groups of the four acidic residues are included. Hydrogen bond distances involving carboxyl and carboxylate
groups with a maximal length of 2.5 A are shown as black lines. The cyan sphere in panel E shows a K* ion that has entered the binding site from the
cytoplasm. Ion coordinations are here indicated by black lines. The different snapshots have been superimposed on the crystal structure using
membrane-embedded parts of TM4—TM6 and TMS. Only backbone atoms involved in hydrogen bonds with the four acidic residues are shown.

Nonpolar hydrogen atoms ahave been omitted.

correspond to the crystal structure. The formation of alternative
hydrogen bonding patterns, which seem highly unlikely on the
basis of the crystal structure, is observed, e.g., Glu309(O¢)—
Gly310(HN) in setup C, Glu309(He)—Glu771(O¢) in setup
G, and Glu309(Oe)—Asn101(H521) in setup E (see Figure S3
of the Supporting Information).

For setup H, where Glu309 is deprotonated as in setups C
and E discarded above, the hydrogen bonding pattern for
Glu309 is also unacceptably perturbed and Glu309 interacts
with incoming water molecules as visible in Figure 3. From
Figure S3 of the Supporting Information, it is seen that the
expected interaction with Asn796 is almost fully lost (an
occupancy of ~20% is found), and as for setup C, the

alternative hydrogen bond to Gly310(HN) is observed. Also,
hydrogen bonds to Val304(O) and 1le307(O) are, of course,
not possible as no hydrogen bond donor is present. On the
Asp800—Glu908 side (Ca-I binding site), where both residues
are protonated, the interaction between these residues is lost
toward the end of the simulation and is therefore not present in
Figure 3, although it is distinctly present in Figure S3 of the
Supporting Information.

From the crystal structure, a hydrogen bond between Asp800
and Glu908 is expected. For setups E and B, where both
Asp800 and Glu908 are deprotonated, this hydrogen bond is of
course not present, whereas it is observed in all other
protonation schemes as a well-retained interaction between
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either Asp800(HS) and Glu908(O¢) or Glu908(He) and
Asp800(O9). Instead, Figure S3 of the Supporting Information
shows that in setup B, Glu908 forms an interaction with
Arg836, which in the crystal structure is located more than 12 A
away, and this results in a destabilization of this part of the
binding site as seen in Figure 3. These observations clearly
indicate that at least one of the residues Asp800 or Glu908
must be protonated.

From Figures 2 and 3, it is evident that setups A, D, and F
have binding site geometries that resemble that of the crystal
structure well. All setups have Glu309 protonated, and it is seen
from Figure S3 of the Supporting Information that three of the
four hydrogen bonds involving Glu309, which are likely to be
present in the crystal structure, are maintained in the MD
simulations in all three setups. The hydrogen bond between
11e307(0) and Glu309(Hze), which also is expected on the basis
of the heteroatom distance in the crystal structure, is not found
to be conserved in any of the simulations. However, this
hydrogen bond is present as a slightly weaker interaction than
expected, as the bond distance and angle fall just outside the
acceptance criteria of 2.5 A and 120°, respectively (see Figure
S4 of the Supporting Information). Also, Glu771 is protonated
in all these setups and shows well-retained interactions with
Asn796(HS) and Asn796(0681). For Glu771, two possible
hydrogen bonds to the 5-hydrogen atoms of Asn796 has been
formed, and therefore, both of these are measured; however,
only one of them is expected to be present at a given time. The
difference among setups A, D, and F is thus the protonation of
Asp800 and Glu908, leaving at most one of them charged. As
clearly reflected in Figure S3 of the Supporting Information and
described above, this maintains the expected hydrogen bonding
between these residues. Overall, this hydrogen bonding pattern
analysis shows that to fulfill the goal of reproducing a binding
site geometry as observed for the crystal structure, Glu309
should be protonated to retain the side chain in an inward-
pointing conformation. Furthermore, Glu771 should be
protonated so that the geometry around this residue is not
disturbed. Finally, one or two protons are needed on Asp800
and/or Glu908 to keep the binding site stable around these
residues. To assess the influence of the protonation states of
these two residues further, the simulations with setups A, D,
and F were continued to 50 ns. Additionally, setup E, in which
all four acidic residues are deprotonated, was similarly
continued to 50 ns to study the effect of the deprotonation
on a longer time scale, because such a situation has been
proposed to result in a more El-like structure.'” The full
structural transformation is, however, not expected to be
observed from a 50 ns MD simulation.

Protein Stability over 50 ns. The overall rmsd's of the
four elongated simulations are shown in Figure 4. It is apparent
that the rmsd of setup E steadily increases while the overall
rmsd's of the other three simulations (setups A, D, and F) level
off or increase at a much slower pace. However, setup A has a
peak in the overall rmsd after approximately 25 ns. This is
caused by a breathing motion between the N-domain and the
A-domain, letting them move away from one another with their
interdomain distance peaking around 25 ns, and then moving
toward each other again. Because the domains are moving
toward the initial position after the peak, no overall
conformational change is sampled. The rmsd curves of the
TM domain alone (Figure 4, bottom panel) reveal that setup E
levels off after an initial steep increase over the first couple of
nanoseconds; however, it stabilizes at a much higher level than
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Figure 4. Root-mean-square deviations for MD simulation for 50 ns
using setups A and D—F. The top panel shows the rmsd values
calculated for all C,, atoms, while the rmsd values in the bottom panel
include only C, atoms in the membrane-embedded domain.

the three other setups. The rmsd values for the individual
domains are seen in Figure SS of the Supporting Information.
The rmsd values stabilize at maxima of 2—2.5 A for the different
domains. Thus, full deprotonation of all four acidic residues
evidently destabilizes the two ion binding sites, although in an
overall stable protein structure in the Ca**-free state. For setups
A, D, and F, no major changes are seen except for the breathing
motion in setup A.

Hydrogen Bonding Patterns over 50 ns. The hydrogen
bonding patterns for the four acidic residues in the ion binding
sites were analyzed as described above, and the data are
included in Figure S6 of the Supporting Information. Because
setup E has proven to be in a destabilized state on the basis of
the analysis of the hydrogen bonding patterns after 10 ns and
the entry of a cytoplasmic K* ion into the binding sites, as
discussed above, this setup is not included in the analysis.
Instead, setup E will be treated separately in the Discussion
section in relation to functional implications if found. The
three-dimensional organization of the binding sites was also
studied after 50 ns of MD simulation and is shown in Figure 5.

For all setups, Glu309 is protonated, and no differences are
observed in the hydrogen bonding pattern for this residue
(Figure S6 of the Supporting Information). Short distances in
the crystal structure are reproduced as hydrogen bonds except
for that with Ile307; however, as discussed in the analysis of the
results after 10 ns, a weak interaction between Glu309 and
Ile307 is retained as evident from the distance and angle graphs
in Figure S4 of the Supporting Information. Glu771 is also
protonated in all setups, resulting in almost similar hydrogen
bonding patterns around this residue. The only exception is
seen for setup D, in which an unexpected hydrogen bond to
Ser767(Hy) exists for ~50% of the simulation time.

For Asp800 and Glu908, which have different protonation
combinations in the three setups, larger differences in the
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hydrogen bonding patterns are naturally seen. In setup D, the
hydrogen bond between Asp800 and Glu908 is lost after ~15
ns simulation time, whereby the occupancy for this hydrogen
bond is relatively low. Instead, Asp800 makes a hydrogen bond
to Ser767, and Glu908 then forms a hydrogen bond to Asn911.
In setups A and F, where only either Asp800 or Glu908 is
protonated, the hydrogen bond between these residues is
conserved throughout the 50 ns simulation time. However, the
side chain of Glu908 rotates several times during the simulation
of setup F. This causes the hydrogen bond to be shared
between the two oxygen atoms of the carboxyl group in Glu908
as evidenced by Figure S6 of the Supporting Information. For
both setups A and F, hydrogen bonds not expected on the basis
of the crystal structure are additionally formed. For setup A,
where Glu908 is protonated, Asp800 interacts with Ser767 and
Tyr763, and for setup F, where Asp800 is protonated, Glu908
interacts with Ser767 as illustrated in Figure S6 of the
Supporting Information.

In Figure S, it is seen that all three setups show a binding site
resembling the crystal structure very well, the exception being
that the Asp800—Glu908 interaction is lost for setup D. It is,
however, difficult to judge which protonation combination is
most well-suited for describing the protonation in the crystal

structure from this analysis. Overall, the hydrogen bonding
patterns are relatively stable for the three simulations. The
hydrogen bonds which are not predicted from the crystal
structure, but observed for setup A, in general have shorter
heteroatom distances than the unpredicted hydrogen bonds
observed for setups D and F, and furthermore, the Glu908—
Asp800 interaction is lost in setup D.

Alteration of Predicted pK, Values along the
Trajectory. To examine whether prediction of pK, values
could disclose which protonation combination of Asp800 and
Glu908 is predominant, a snapshot was taken every nano-
second in setups A, D, and F, and pK, values were predicted for
these snapshots. PROPKA-predicted pK, values for Glu309,
Glu771, Asp800, and Glu908 are graphed in Figure 6 as a
function of simulation time.

It is seen for Glu309 and Glu771 that predicted pK, values
are quite stable throughout the simulations, and that both of
these residues would be expected to be protonated at
physiological pH, Glu771 to the largest extent. For setup A,
where Asp800 is deprotonated and Glu908 protonated, this is
well reproduced in the pK, prediction for these two residues,
where the pK, value of Asp800 is predicted to be close to 5 and
that of Glu908 to be close to 12, much higher than the
physiological pH value. On the other hand, both Asp800 and
Glu908 are protonated in setup D. This is not reflected in the
predicted pK, values. In the first 15 ns (as long as a hydrogen
bond between Asp800 and Glu908 is present), Asp800 is
predicted to have a high pK, and thus to be protonated, while
Glu908 is predicted to have a lower pK, close to 6 and,
therefore, to be at least partly deprotonated. After the hydrogen
bond between the two residues disappears, Asp800 is predicted
to have a pK, close to the physiological pH, while the predicted
pK, of Glu908 is slightly higher, though fluctuating. Both of the
residues only seem to be partly protonated, and in that regard,
it seems that there is one proton too many in this setup. For
setup F, with Asp800 protonated and Glu908 deprotonated, a
scenario opposite to the one seen for setup A would be
expected. However, it is seen that the predicted pK, values are
much more fluctuating, with the pK, of Asp800 sometimes
being close to 6 and that for Glu908 sometimes above 11. The
fluctuation is clearly coupled between the two residues. It
seems as if Asp800 is trying to transfer the proton to Glu908
and Glu908 is ready to accept it; however, this is of course not
possible in a force field-based MD simulation.

Overall, on the basis of hydrogen bonding patterns in the
binding site and the predicted pK, values, we find that the
protonation scheme used in setup A is the one most likely to be
present in the crystal structure of a Ca*-free functional state of
SERCA. On the basis of all the simulations, it is evident that
three protons are required in the unoccupied Ca*" ion binding
sites to obtain the binding site geometry observed in the crystal
structure.”* Consequently, we find that four protons are not a
requirement for obtaining a stable binding site for the Ca**-free
state of SERCA, opposite to what has previously been
proposed.'®

Detailed Analysis of the Glu309 Conformation and
pK, Value. Glu309 has been proposed to be involved in gating
the binding of Ca®* ions,*" and the hydrogen bonding analysis
of Glu309 revealed three different positions of the side chain.
The simulations propose that when protonated, Glu309 will
always be in the most inward-facing conformation seen in
setups A, B, D, F, and G. In setup E, with all acidic residues
deprotonated, the side chain is observed to flip to an outward-
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Figure 6. Prediction of pK, values for the four acidic residues in the unoccupied Ca®* ion binding sites. Predictions were performed with PROPKA

3.0.%° The black line at pH 7.4 highlights the physiological pH value.

facing conformation (see Figure 3). In setup C, the
deprotonated Glu309 has no hydrogen bond to Val304(O)
or 11e307(O) as observed in Figure S3 of the Supporting
Information; however, the interactions with Glu309(NH) and
Asn796(H&22) are retained. Additionally, a stable hydrogen
bond between the Glu309 side chain and Gly310(NH) is
observed. To form the interaction with Gly310, Glu309 has to
change its conformation and rotate the side chain, which
increases the distance to Val304 and Ile307. Removing the
proton on Glu309 and keeping the three other acidic residues
protonated in setup H similarly result in a rotation of the side
chain of Glu309, forming a hydrogen bond to Gly310(NH)
(see Figure S3 of the Supporting Information).

Glu309 has previously” been suggested to have two pK,
values and two conformational states, one in which the side
chain is pointing toward the other residues in the binding site
with a pK, of ~8.4 and one in which the side chain is pointing
out to an apparently water-filled cavity with a pK, of ~4.7. To
evaluate this finding and make connections between the
experimental pK, values and the observed possible conforma-
tions of the Glu309 side chain, we predicted pK, values for
Glu309 using PROPKA 3.0* for setups A—H from the 10 ns
simulations (Figure 7).

From Figure 7, it is seen that the predicted pK, value for
Glu309 is quite stable for the eight simulations, except for setup
G where fluctuations are observed, probably caused by the
deprotonation of nearby Glu771. If setup G is disregarded, the
pK, is usually predicted to be less than 7.4 when Glu309 is
deprotonated (as in setups C, E, and H) and larger than 7.4 if
Glu309 is protonated (setups A, B, D, and F). Glu309 is seen to
occupy the totally outward-pointing conformation only in setup
E, so it seems as if a lower-pK, conformation pointing more
into the binding sites must be found for simulations using
setups C and H. It has been suggested from MCCE calculations
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that Glu309 resides in both of these conformations (outward
and inward, respectively) also when protonated.”® However,
our simulations propose that when protonated, Glu309 resides
in the most inward-facing conformation seen in setups A, B, D,
and F. No shift to the outward-facing conformation is observed
for protonated Glu309, while in setup E, with all acidic residues
deprotonated, the side chain is observed to flip to the outward-
facing conformation. Notably, for simulations C and H, in
which Glu309 is also deprotonated, its side chain is positioned
differently, as discussed above (see Figure 3), interacting with
Gly310. Other in-house simulations using a Ca**-free SERCA
structure (PDB entry 1XP5*), in which Glu309 in the crystal
structure is found in the outward-facing conformation, show
that when we protonate Glu309 in this conformation and
perform an MD simulation, the residue quite quickly flips to a
more inward-facing conformation, supporting our finding that
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this residue is buried when neutral. The results presented here
thereby suggest that when protonated, Glu309 always resides in
the inward-facing conformation. However, another slightly
shifted but still inward-facing conformation is also possible for
Glu309, as seen in setups C and H, where the pK, value is
lowered and thus the residue is charged, being depleted of its
proton.

B DISCUSSION

On the basis of extended MD simulations with eight different
combinations of protonation states of the four acidic residues in
the Ca®* ion binding sites, we conclude that three bound
protons are sufficient to ensure 2 stable binding pocket, and not
four as argued by Obara et al.'® Rather, protonation of all four
residues in our study (setup D) seems to destroy some of the
interactions expected on the basis of the crystal structure. As
opposed to studies by Hauser and Barth®® and Andersson et
al,*' our simulations and pK, predictions suggest that a proton
bound to either Asp800 or Glu908 and not to both is most
likely. On the basis of analysis of hydrogen bonding patterns
and prediction of pK, values, Glu908 is more likely to be
protonated than Asp800. Possibly, the proton might be able to
jump back and forth. Glu309 needs to be protonated to
maintain the conformation with an interaction with Val304 and
Ile307 as in the crystal structure, and this further requires that
Glu771 also be protonated. Either Asp800 or Glu908 should
then be protonated as the last residue. Thus, the situation
described in setup A seems most likely, where Glu309, Glu771,
and Glu908 are all protonated and only Asp800 is charged. To
ensure that this result is not a simulation artifact, a repeat of
setup A was conducted, giving rise to very similar dynamical
properties and hydrogen bonding patterns. Further support for
such a protonation scheme in the E2-like states of P-
ATPases may be found in the very recent study by Yu et al.*> of
the E2-P; state of Na®/K'-ATPase. Different simulation
methods were used by Yu et al. and ourselves; however, the
results for SERCA and the Na*/K*-ATPase are very similar in
finding that three acidic residues most likely are neutral in E2-
like states. The two studies also agree in finding Asp800
(Asp811 in the Na*/K'-ATPase) as the ion-binding titratable
residue with the lowest pK, value.

Full deprotonation of all four acidic residues in the Ca** ion
binding sites in the Ca**-free E2 state has been proposed by
Inesi et al."” to initiate the transition of the E2 state toward the
El state because of destabilization. Our simulations indeed
confirm that deprotonation destabilizes the interactions in the
cation binding sites. Furthermore, it is observed that during the
50 ns simulation, two K* ions enter the unoccupied Ca®* ion
binding sites from the cytoplasmic side (see Figure 8). For the
transition to E1 to occur, Ca>* ions must enter the binding site,
so the appearance of other cations in our simulation (Ca®* ions
are not included) supports the idea that the observed instability
may be en route to an E1 state of SERCA. The entry site and
pathway to the binding sites of these cytoplasmic K* ions match
proposals on Ca’* entry sites and binding pathways recently
found in simulations.” The question of how the deprotonation
of the Ca**-coordinating residues occurs remains to be
answered.

Interestingly, SERCA most likely countertransports two
protons'> as opposed to the three bound protons needed for
stability in the Ca*'-free state as demonstrated here. However,
even though SERCA is suggested to countertransport two
protons, more protons may indeed be bound to the acidic
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Figure 8. Observed Ca* ion binding sites after simulation for 50 ns
using setup E. Hydrogen bond distances involving carboxylate groups
with a maximal length of 2.5 A are represented as black lines. Ion
coordinations are likewise represented as black lines. The cyan spheres
are K* ions that have entered the binding site from the cytoplasm. Ca**
ion coordinating residues from the starting crystal structure are
colored green for comparison. For the sake of clarity, water molecules
and nonpolar hydrogen atoms are not shown.

residues in the Ca**-free form of the protein as protons bound
from and released to the same side of the membrane are not
registered. In addition, protons have also been suggested to be
present in the Ca®*-bound state, attached to Glu908 and
Glus8,"”® and that would reduce the number of counter-
transported protons compared to the number of protonated
residues even more. Others have argued against the binding of
protons in the Ca®*-bound state,*® and our in-house studies on
a Ca**-bound structure (PDB entry 1T5S*) suggest that the
coordination between Glu908 and the Ca-I ion is lost when
Glu908 is protonated (data not shown). The same tendency of
Glu908 to loose the direct interaction with Ca-I when it is
protonated was reported in a recent MD study by Sugita et al.**
Therefore, we do not expect that any of the four acidic residues
in the Ca®*-bound state are neutral. Still, three protons may
very well be present in the Ca**-free state, while only two
become countertransported if one of the protons is bound from
and released to the same side of the membrane.

Glu309 has been thought to be an unlikely participant in
proton countertransport because it easily can get into contact
with the cytoplasm due to the two different identified
conformations discussed above.”® One could imagine that the
proton on Glu309 could be bound from the cytoplasmic side,
and therefore, it should not be counted as a countertransported
proton. Instead, the two protons bound to Glu771 and Glu908
could come from the luminal side and thereby be the
countertransported protons. Furthermore, we have seen
indications that a low-pK, inward-facing conformation for
Glu309 might exist. This observation is interesting, because
Glu309 is believed to gate the access to the ion binding sites.*!
Glu309 would most likely be deprotonated when “delivering”
the positively charged Ca®* ions to the binding site. One could
speculate that Glu309, in the Ca**-free form, would be
protonated and reside in a higher-pK, inward-facing con-
formation. As illustrated in Figure 9 in a schematic way, a small
structural change could then move Glu309 to the slightly
different inward-facing conformation with a lower pK, value,
where Glu309 would transfer the bound proton to a water
molecule and be ready to receive the Ca®* ions and assist them
into the binding sites.

These subtle structural changes required would then be
expected to be part of the conformational change bringing the
Ca’'-free state with occluded binding sites and protonated
acidic residues into a slightly more open state where Ca*" ions
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Figure 9. Schematic representation of possible proton exchange in the Ca®*-free state in accordance with the simulation results and experimental
observations. The four TM helices contributing to the binding sites are shown as rods in the same color scheme as used for the protein in Figure 1A.
The protonation state of the four acidic residues inspected in this study is highlighted.

could bind from the cytoplasmic side. Further studies are in
progress in our laboratory to delineate such ideas.
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Root-mean-square deviation graphs of the individual domains
for the 10 ns simulations, hydrogen bonding data, and rmsd
graphs relating to the elongated S0 ns simulations. This
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