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ABSTRACT: Mutations within ion-transporting proteins may severely
affect their ability to traffic ions properly and thus perturb the delicate
balance of ion gradients. Somatic gain-of-function mutations of the
Na+,K+-ATPase α1-subunit have been found in aldosterone-producing
adenomas that are among the causes of hypertension. We used molecular
dynamics simulations to investigate the structural consequences of these
mutations, namely, Leu97 substitution by Arg (L97R), Val325 substitution
by Gly (V325G), deletion of residues 93−97 (Del93−97), and deletion−
substitution of residues 953−956 by Ser (EETA956S), which shows
inward leak currents under physiological conditions. The first three
mutations affect the structural context of the key ion-binding residue
Glu327 at binding site II, which leads to the loss of the ability to bind ions
correctly and to occlude the pump. The mutated residue in L97R is more
hydrated, which ultimately leads to the observed proton leak. V325G
mimics the structural behavior of L97R; however, it does not promote the hydration of surrounding residues. In Del93−97, a
broader opening is observed because of the rearrangement of the kinked transmembrane helix 1, M1, which may explain the
sodium leak measured with the mutant. The last mutant, EETA956S, opens an additional water pathway near the C-terminus,
affecting the III sodium-specific binding site. The results are in excellent agreement with recent electrophysiology measurements
and suggest how three mutations prevent the occlusion of the Na+,K+-ATPase, with the possibility of transforming the pump into
a passive ion channel, whereas the fourth mutation provides insight into the sodium binding in the E1 state.

The Na+,K+-ATPase (NKA) is an essential transmembrane
protein of the P-type pump family and serves as a primary

active ion transporter in all eukaryotic cells.1−3 Fueled by ATP,
NKA exchanges three intracellular Na+ ions with two
extracellular K+ ions for one hydrolyzed ATP molecule, thereby
maintaining proper ion gradients across plasma membranes.4,5

According to the classical Post−Albers reaction cycle,6,7 NKA
activity is described in terms of the alternating-access model,
and the pump conformation switches between inside-open E1
and outside-open E2 states together with phosphorylated
intermediates E1P and E2P. Until very recently, the only
resolved X-ray crystal structures of NKA were those of the
potassium-bound occluded E2 state,8−10 which precisely
identified ion-binding sites I and II. Recently, the crystal
structure of an ouabain-bound, ion-free equivalent of the E2P
outside open state was solved.11 The availability of this
structure has allowed for studies of, for example, external ion-
binding pathways.
Mutations within the NKA α2 and 3 subunits cause the

diseases rapid-onset dystonia parkinsonism, alternating hemi-

plegia of childhood, and familial hemiplegic migraine type 2.12

Recently, novel gain-of-function mutations were found in the
NKA α1 subunit of adrenal aldosterone-producing adenomas
(APAs) that occur in at least 5% of patients with hyper-
tension.13,14 The mutations were L97R substitution, V325G
substitution, 93−97 deletion, and EETA956S deletion−
substitution.13 L97R, V325G, and Del93−97 are close to the
important Glu327 ion-binding residue of ion-binding site II,8

whereas EETA956S may influence sodium-specific binding site
III.15 Strikingly, L97R and the 93−97 deletion were found in
the majority of patients, making L97 a clear hotspot for APA-
specific pump mutations.
In this article, we report atomic-level molecular dynamics

(MD) simulations to grasp the structural mechanism of pump
dysfunction. The impact of the mutants on the ion-binding
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process is likely to be captured by simulations with the novel
structure of an E2P, ouabain-bound state of NKA because all
mutants are sensitive to ouabain,13 meaning that mutants are
able to attain either this state or the close equivalent.
In previous work, we successfully used MD of various NKA

mutants in the potassium-occluded E2 state to recognize a
previously unknown ion pathway16 and to describe the effect of
pump phosphorylation caused by the protein kinase A.17 Here,
we report how the L97R, V325G, Del93−97, and EETA956S
mutations affect the ion-binding process as well as water
accessibility within the NKA transmembrane region and
provide an appealing structural explanation of the inward
current leak recorded in electrophysiology measurements.
Leu97 is a residue of particular importance and is known to
guide Glu327 toward binding site II, thereby controlling the
extracellular gate of the ion-binding cavity.18 Similarly, the
Glu327 position may be controlled by mutation in its close
proximity, which changes the geometry of the helix. We show
how the interaction network of Glu327 is distorted by the
disease-causing mutations L97R, V325G, and Del93−97 and
how this affects protein function. Finally, we also present how
the EETA956S mutation affects the putative III sodium binding
site as a result of the deletion of the key Glu954 residue and its
surrounding residues. Our results are in excellent agreement
with experiments and help to understand the molecular
background of adrenal hypertension, which ultimately might
pave the way toward novel drugs or diagnostic methods for this
disease.

■ METHODS

All-atom MD simulations were implemented with the recently
solved pig kidney αβ dimer of NKA (PDB code 4HYT)11

embedded in a fully hydrated 110 × 110 × 192 Å3 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer.
POPC is a routinely used lipid in simulations of transmembrane
proteins, such as ion pumps19,20 and ion channels,21 and has

proven to be successful in modeling the properties of biological
membranes and their impact on embedded proteins.22

Simulations were performed using GROMACS version
4.6.1,23−26 employing CHARMM27 force-field parameters for
proteins and sodium ions27−29 and the CHARMM36 force field
for phospholipids.30,31 Water was modeled using the TIP3P
model.32 Periodic boundary conditions were applied in all three
directions. A neighbor list with a 13 Å cutoff was used for
nonbonded interactions and is updated every 10 steps. The van
der Waals interactions were switched off from 8 to 12 Å. The
particle mesh Ewald (PME)33,34 method with a 13 Å cutoff was
employed for the treatment of electrostatic interactions. The
simulated systems were maintained at 298 K and 1 bar
according to the NPT statistical ensemble. Temperature
coupling was performed using a Berendsen thermostat35 for
equilibration runs and a Nose−Hoover thermostat36,37 for
production runs, which was carried out separately for the solute
(protein and lipids) and the solvent (ions and water
molecules). A semiisotropic pressure coupling was applied
using the Berendsen barostat35 for equilibration runs and the
Parrinello−Rahman barostat38,39 for production runs. The
SHAKE algorithm was employed to constrain all hydrogen-
containing covalent bonds, which allows a time step of 2 fs.
Trajectories were sampled every 10 ps.
The starting structure for WT NKA was obtained from the

crystal structure by deleting the bound ouabain steroid and the
Mg2+ ion bound to the ion-binding sites. After a short
equilibration, the enzyme structure represents an approxima-
tion of the E2P phosphorylated state of the pump (i.e., open to
the extracellular side and with no ions bound). Water molecules
and ions spontaneously enter the binding sites during
simulations. All residue numbering follows the sequence of
the pig kidney protein. Asp926 and Glu954 were kept
protonated, as argued previously.16 Asp369 was phosphory-
lated, with parameters taken from Damjanovic ́ et al.40 The
starting structures of the L97R and V325G mutants were

Figure 1. Radial distribution functions between the bound sodium ion in site I and protein residues important for ion binding. Results for (A) the
WT-1 system, (B) L97R-1, (C) V325G-1, and (D) Δ93−97-1. Glu327 participates in binding only in the WT.
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constructed using the mutagenesis wizard implemented in
PyMol. The starting structure of Del93−97 was obtained by
deleting residues 93−97 of the α-subunit in the WT protein.
The starting structure of the EETA956S mutant was
constructed by first substituting Ala956 residue by Ser956
and then by deleting the Glu953, Glu954, and Thr955 residues.
The protonation states are the same in WT and L97R as well as
in the V325G and Del93−97 mutants; however, in the
EETA956S mutant, the protonated Glu954 residue is not
present. Proteins were embedded in the POPC membrane
using the g_membed procedure implemented in GROMACS.41

The systems were hydrated with approximately 56 000 water
molecules and kept electrostatically neutral by sodium ions
randomly placed in the aqueous phase. We used only sodium in
the medium despite the fact that NKA in the E2P state releases
sodium and binds potassium. In simulations of the WT with
potassium, the observations were identical with respect to the
spontaneous ion binding and binding sites (data not shown,
manuscript in preparation).

After 5000 steps of energy minimization with steepest
descent method and a subsequent 10 ns equilibration, two
copies of 100 ns MD simulations were performed for WT
(WT-1, WT-2), L97R (L97R-1, L97R-2), V325G (V325G-1,
V325G-2), Del93−97 (Δ93−97-1, Δ93−97-2), and EETA956S
(EETA956S-1, EETA956S-2). The analysis was carried out
using GROMACS programs, the HOLE package,42 and home-
made scripts. Visualizations and snapshots were rendered using
VMD43 and the MOLE online server44 for pore visualizations.

■ RESULTS

We simulated the novel E2P state stripped of Mg2+ and ouabain
in a POPC membrane and with sodium ions in the water
(corresponding to a 10 mM sodium concentration). The root-
mean-square deviations (rmsd) of Cα atoms relative to the
crystal structure slightly exceed 5 Å in all simulations (data not
shown) because of large movements of the A and N domains
and of the β-subunit. Importantly, the rmsd for the trans-
membrane region of the protein does not exceed 2 Å for most

Figure 2. Radial distribution functions between the bound sodium ion in site II and protein residues important for ion binding. Results for (A) the
WT-1 system, (B) L97R-1, (C) V325G-1, and (D) Δ93−97-1.

Figure 3. Sodium ions spontaneously bind to the correct binding sites in the WT simulations. Final simulation snapshot (t = 100 ns) showing the
sodium ion in its binding site (B) compared to the position of potassium ions in crystal structure of the E2 state of Na+,K+-ATPase (PDB code
3A3Y, A). Potassium ions are shown as yellow spheres and sodium ions, as cyan spheres. A few important ion-binding residues are shown as licorice.
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of the simulation time even though this domain spontaneously
binds sodium ions in simulations, as described later. Each of the
systems (WT, L97R, V325G, Δ93−97, and EETA956S) was
simulated twice, and the two copies are identical in most
respects. Therefore, the figures herein only show data from one
of the simulations. The corresponding graphs for the other
copy are available in the Supporting Information.
Spontaneous Na+ Binding in WT. During both WT

simulations, two sodium ions spontaneously enter ion-binding
sites I and II from the extracellular side within 20 ns and remain
stable within the binding pockets over the entire simulation
time. Binding site I, located deeper in the protein, is occupied
first followed by subsequent binding to site II.
Radial distribution functions (RDFs) (Figures 1 and 2 and

Supporting Information Figures 1 and 2) show that the ions are
tightly coordinated in binding site I by M5 Glu779, M6
Asp804, and M4 Glu327 and in binding site II by M4 Glu327,
Val325, Ala323, M5 Glu779, and M5 Asn776. The ions are
positioned similar to the potassium ions in the crystal structure
of the E2 occluded state of NKA (PDB code 3A3Y), as shown
in Figure 3. Minor differences arise because sodium is
significantly smaller than potassium (sodium’s effective ionic
radius is 1.02 Å, whereas potassium’s effective ionic radius is
1.38 Å),45 from dynamic fluctuations that are averaged out in
the crystal structure, and because we are not simulating the
potassium-occluded state.
Changes in Na+ Binding upon Mutations. Structurally,

the L97R, V325G and Del93−97 mutations are very close to an
essential binding residue in M4, Glu327,8 and they directly
influence the ion-binding process and ion coordination.18 The
EETA956S mutant is located on the other side of the α-
subunit, near sodium-specific ion-binding sites IIIa and IIIb that
do not bind an ion in the E2P state of the protein; therefore,
this mutation does not affect ion binding in the simulated state
(data not shown).

In the L97R simulations, the Glu327 side chain rotates
toward M1 and interacts via a salt bridge with positively
charged Arg97 (Figure 4). Movement of Glu327 compromises
the optimal geometry of binding site II. In L97R-1, the first ion
binds after 60 ns, but the second sodium ion binds only after 80
ns and periodically enters and leaves binding site II. In L97R-2,
the first sodium binds after 40 ns, whereas the second still did
not bind after a 100 ns simulation (Figures 1 and 2 and
Supporting Information Figures 1 and 2). The binding at site I
is analogous to that in the WT (without contribution from
Glu327 for the mutant), although the presence of the positively
charged Arg97 side chain near binding site II weakens the
electrostatic attraction between the protein and ions.
Interestingly, the M1 and M4 helices are positioned similarly
in the L97R and WT simulations. (Figure 4).
In the relatively mild V325G mutation, both ions are able to

bind quickly to their respective binding sites (10 ns for site I
and 40 ns for site II in V325G-1; 20 ns for site I and 50 ns for
site II in V325G-2). Glu327 participates in binding only in site
II (Figures 1 and 2 and Supporting Information Figures 1 and
2). Visual inspection (Figure 4) reveals that Glu327 is indeed
moved away from site I because of the M4 helix distortion
caused by the introduction of the poor-helix forming Gly
residue. It is also reflected in Figure 5, which shows that Glu327
is located closer to Leu97 than it is in the WT and is somewhat
similar to the L97R mutant.
The more drastic Del93−97 mutation alters the local

environment within the protein significantly. The shortening
of M1 by five residues forces its kinked part (M1′) and the loop
connecting the two parts to rearrange at the water−membrane
interface (Figure 4), and the resultant free volume is, to some
degree, occupied by Glu327, which moves there by a shift in
the M4 helix (Figure 4). As a result, not only does Glu327 stick
out toward the intracellular side but also the positions of other
M4 residues important for binding are altered and the ion-

Figure 4. Representative simulation snapshots showing overall changes near and in the ion-binding domain. Glu327 interacts with Arg97, and the
pair becomes hydrated in L97R-1 (B); similarly, Glu327 is placed near Leu97 in V325G-1 by the M4 helix distortion (C); the intracellular pathway
opens in Δ93−97-1 (D) because of the shortening of the M1 helix (black cartoon) and the M1′ helix rearrangement (ice-blue cartoon). Sodium ions
are shown as cyan spheres. Water molecules within 12 Å of Glu327 (A−C) or Pro326 (D) are shown as red and white licorice. Glu327 and Leu97
(A, C) or Arg97 (B) are shown as licorice. An additional sodium ion is attracted by Glu327 in Δ93−97-1 from the intracellular side.
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binding times are significantly longer in both simulations: the
first ion binds after 60 ns and the second, after 80 ns. The ions
have substantially more degrees of freedom and are coordinated
mainly by the negatively charged residues Glu779 and Asp804
(Figures 1 and 2 and Supporting Information Figures 1 and 2).
The root-mean squared fluctuation values for the bound ions

in WT-1, L97R-1, V325G-1, and Del93−97-1 are 0.12, 0.52,
0.24, and 0.40 Å, respectively, suggesting that the ions are
tightly bound in the WT but not as much in the mutants. The
observation that two ions can still bind in the Del93−97
systems may arise from the additional exposure of Glu779 and
Asp804 to the extracellular ion pathway as a result of the
movement of M4. Visual inspection (Figure 4) suggests that
ions are able to penetrate deeper into the protein, toward
putative sodium-binding site(s) III.15

Water Accessibility. In the WT, water molecules quickly
enter the binding sites from the extracellular side, transporting
ions (Figure 4). The hydration level of Leu/Arg97 was
evaluated by calculating RDFs with water molecules (Support-
ing Information Figures 4 and 5). In WT and V325G
simulations, Leu97 is kept dry because its hydrophobic side
chain prevents water molecules from entering further into the
protein.
In the L97R mutant, however, the situation is different. The

hydrophilic Arg97 side chain attracts an additional water
column from the extracellular side, which hydrates the
interacting pair of Glu327 and Arg97, and water penetrates
deeper into the protein along M1 (Figure 4), although the
water column does not span both sides of the membrane.
The aforementioned movement of M1′ in Del93−97 systems

creates a tunnel in the protein that is rapidly filled with water
molecules from both sides of the membrane (Figures 4 and 6).
The intracellular water path is formed between M1′ Glu91 and
Gly92, M1 Trp98, and the side chain of Glu327. Glu327
remains hydrated, and water freely diffuses through the protein,
across the membrane. Interestingly, in Del93−97-1, a sodium
ion comes in from the intracellular side through the newly
opened pathway and interacts with Glu327, showing that the
intracellular pathway is permeable for sodium. The radius of the
pore created by the deletion was measured by the HOLE
package (Figure 6). In Del93−97 mutants, the radius of the
pore in the most narrow part is ∼2 Å, allowing dehydrated
sodium ions to flow in, whereas in the WT system, such a pore
has a radius below 1 Å, indicating that the path is completely
closed.

The ion-transporting extracellular water pathway in the WT
reaches the protonated Glu954 residue (Figure 7), which is
putatively involved in the III sodium-specific binding site in the
E1 state of the pump. On the outer side of the protein, the side
chain of the preceding residue, Glu953, is immersed in water
because of the water defect on the intracellular membrane−
protein interface. Upon EETA956S mutation, water from these
two cavities joins together inside the protein, forming a
continuous water pathway (Figure 7) that connects the extra-
and intracellular sides of the membrane. The HOLE package
detects a ∼2 Å widening of the entrance of the pore (Figure 8)
in the EETA956S mutant compared to the WT. Interestingly,
this new water pathway is in a close proximity to the C-
terminus and ultimately may connect with the C-terminal ion
pathway that is important for tuning the protonation states of
Asp926 and Glu954, residues involved in the unique sodium
binding site III.16

■ DISCUSSION
Here, we presented MD simulations that reveal the molecular
background of the L97R, V325G, Del93−97, and EETA956S
mutations within the NKA α1-subunit that occur in adrenal
APAs in patients with hypertension. The simulations show that
in the E2P state L97R, V325G, and Del93−97 mutations
significantly alter the ion-binding process and ion coordination.
Furthermore, L97R and Del93−97 promote hydration of
regions near the mutated residues. The EETA956S mutant,
located on the opposite side of the protein, does not influence
ion binding in the E2P state. However, it opens a different
water pathway throughout the pump, affecting sodium-specific
binding site III.
The original protein structure file contains a bound ouabain

molecule as well as an Mg2+ in binding site II. This magnesium
ion stimulates ouabain binding, which in turn stabilizes the

Figure 5. Radial distribution functions between residues Glu327 and
Leu/Arg97. In L97R-1, Glu327 interacts strongly with Arg97 via a salt
bridge, whereas in V325G-1, Glu327 is placed in the vicinity of Leu97
by the distortion of the M4 helix.

Figure 6. (A) Size of the pore between the M1 helix and the M4 helix
that is defined along the line connecting residues Glu88 and Ile786.
Zero-point of the pore coordinate is located on Glu88. The pore is
small for the WT-1 system, whereas its size increases significantly in
the Δ93−97−1 system, allowing ions and water molecules to flow. (B)
Visualization of the pore superimposed with snapshots from Figure 4.
Pores are shown as pink surfaces.
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pump in the outside-open state.11 Because NKA normally does
not transport Mg2+, we decided to remove it in our simulations
together with the ouabain molecule. As a result, we obtained an
ion-free model of the E2P state that is ready to bind
extracellular ions. Of course, an artificial deletion of the positive
charged ion will affect the binding site because of the
electrostatic repulsion between negatively charged residues
involved in binding. However, ion-binding sites I and II are
quite flexible (e.g., they are able to bind bigger organic ions
while remaining fairly undistorted);46 therefore, we anticipate
that the removal of the ion and subsequent equilibration would
produce a structure similar to the physiologically relevant E2P
state just after the dissociation of intracellular sodium.

Ultimately, reported spontaneous ion binding at the correct
binding sites in WT simulations reinforces the validity of using
the oaubain-bound structure as a template to construct the first
approximation of the E2P outside-open state model.
All ionizable residues involved in binding sites I and II were

kept deprotonated, and sodium quickly bound the proper sites
in the WT. Protonation of Glu327, Glu779, and Asp808 has
been proposed to promote selectivity for potassium over
sodium.47 Simulations of NKA in the E2P state with different
counterions and protonation states as well as the detailed
characterization of ion-binding pathways will be discussed
elsewhere (manuscript in preparation). Overall, sodium ions
bind along a pathway similar to that proposed previously for
the closely related calcium pump SERCA as the exit path for
calcium ions.48

Our main goal was to investigate the molecular mechanism
of the somatic gain-of-function mutations identified in
hypertension-causing adenomas: the L97R and V325G
substitutions, Del93−97 deletion, and EETA956S deletion−
substitution. The mutants were previously characterized by
electrophysiology for ion currents in intact Xenopus oocytes,
showing an inward current leak in all mutations.13 H+ was the
main current carrier in L97R and Na+, in the Del93−97 mutant.
Results for V325G mutants showed significantly smaller
conductance, and we do not see any additional pathway
opening in our simulations, indicating that the current leak is
less likely. The partial hydration of the pathway in the L97R
simulation and the intracellular sodium-accessible pathway in
the Del93−97 simulation are in remarkable agreement with
electrophysiology. On the basis of our results, it also seems
likely that H+ is the current carrier in EETA956S, as the
pathway responsible for leaking includes the standard pathway
for ion binding in the E2P state; therefore, metal ions bind
correctly, leaving protons as the only possible carriers.
We also showed that monovalent ions are still able to bind

L97R, V325G, and Del93−97 mutants because of the exposure
of their anionic residues, although the ion coordination is
significantly altered, particularly in binding site II. Mutation of
the hydrophobic Leu97 residue, the so-called gatekeeper49 of
the extracellular gate, into positively charged arginine drags the
negatively charged Glu327 side chain away from binding site II,
preventing correct ion coordination and subsequently prevent-

Figure 7. Representative simulation snapshots showing changes in the IIIa and IIIb ion-binding sites. Deletion of Glu953, Glu954, and Thr955 of the
IIIa site opens an additional water pathway flowing through the protein. This water pathway lies in the proximity of the IIIb site and the C-terminus
pathway. Mutated residues and Asp926 of the IIIb site are shown in licorice. The C-terminus is shown as a red ribbon. Bound sodium ions are shown
as cyan spheres. Water molecules within 10 Å of Ala/Ser956 and Asp926 are shown as red and white licorice.

Figure 8. (A) Size of the pore on the M9 helix that is defined along
the line connecting Gly950 and Glu779 residues. Zero-point of the
pore coordinate is located on Gly950. The pore is small for the WT-1
system, whereas its size increases significantly in the EETA956S-1
system, allowing water molecules to flow. (B) Visualization of the pore
superimposed with snapshots from Figure 7. Pores are shown as pink
surfaces.
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ing the occlusion of the pump. Very similar behavior of Glu327
is observed in the V325G mutant. The introduction of the small
Gly residue compromises the optimal exposure of Glu327 by
changing the geometry of the unwound part of M4 that is
caused by conserved Pro326.3 The interacting pair of charged
residues, Arg97 and Glu327, in L97R gets rapidly surrounded
by water molecules that penetrate deeper into the protein.
Although we do not see a full water column spanning both
sides of the membrane, such a water pathway can certainly
open in a longer simulation, explaining the proton leak
recorded in electrophysiology. Additionally, the polar Ser94
residue is located in proximity to Arg97, toward the intracellular
side of the membrane. The serine side chain can be readily
replaced by a water molecule or may facilitate proton transfer
by the Gortthuss mechanism (proton hopping).
A distinct feature in almost all P-type ATPase crystal

structures is the presence of a ∼90° kink of M1 (the angle
between M1 and M1′ helices).3 The kink has a putative role in
ion selectivity because it is located at the entry of a cytoplasmic
pathway.49,50 A 12 Å sliding of M1 is thought to mediate the
opening of the intracellular gate.51,52 In the Del93−97 mutant,
several important residues in the M1 helix are deleted,
including the Leu97 gatekeeper as well as conserved Phe93
that might be important in the dehydration of sodium ions in
the E1 state.53 We observed the opening of the intracellular
pathway because of the movement of M1′ relative to the
shortened M1 helix (Figure 4). The newly opened pathway is
permeable for both water and sodium ions. Taken together, we
anticipate that the shortening of M1 and the rearrangement of
M1′ to some extent mimics the sliding of M1 expected to occur
during the E2−E1 transition. In Δ93−97-1, although a sodium
ion approaches the pathway form the intracellular side, the ion
flow would occur down the concentration and electrical
gradients in vivo (i.e., from the extracellular to the intracellular
side), which explains the electrophysiology measurements. In
these mutants, Glu327 attracts sodium ions because it is located
on the edge of the tunnel, closer to the M1 helix. The
movement of Glu327 compromises the stability of binding site
II, thus trapping the pump in the outside-open conformation
and ultimately transforming it into a sodium channel that is still
able to bind extracellular potassium but unable to transport it.
However, electrophysiologically, Del93−97 mutants are not
permeable for protons or potassium. The lack of potassium
permeability may be explained in terms of the bigger ionic
radius of a potassium ion, as ions are probably transported
without their hydration shells (Figure 6). Nevertheless, the
reason that protons are not accessible, because the pathway is
permeable for water molecules and sodium ions, remains
unknown.
EETA956S mutants respond to extracellular potassium with

forward pumping in electrophysiology, which also agrees with
our observation that this mutant does not influence ion binding
from the extracellular side. When it comes to the binding from
the intracellular side, the NKA is thought to have two different
sites involved in binding the unique third sodium in the E1
state: IIIa and IIIb.3 The EETA956S mutation directly
compromises the IIIa site because of the deletion of the crucial
Glu954 residue but also may influence the IIIb site (Figure 7).
Because both of these sites work together with the C-terminus
for the correct binding of the third sodium ion in the E1 state,3

it is likely that the EETA956S mutation hampers such a
binding. Despite this, experimental data suggest that the
mutants are still functional, meaning that pumps are able to

bind intracellular sodium and to occlude. This suggests that the
E1P−E2P transition is possible even without completely
correct binding of sodium to binding site III.
We note here that the length of our simulations (100 ns

each) is short with respect to the time scale of the protein
pumping cycle and related large conformational transitions,
which take at least microseconds to milliseconds. Therefore, we
remain extremely cautious in predicting long-scale structural
changes based solely on simulation data. Instead, we focus on
local rearrangements caused by mutations, which should have
functional effects on the shorter time scale, whereas the longer-
scale consequences might be anticipated in conjunction with
experiments. The same reasoning applies to the observed
spontaneous ion binding. However, the fact that we observe
spontaneous ion binding in multiple simulations suggests that
the simulation time is long enough for a qualitative description
of the ion-binding changes in the NKA.
To conclude, we report for the first time spontaneous ion

binding in the E2P state of the NKA ion pump as well as both
structural and molecular mechanisms of gain-of-function NKA
α1-subunit mutants identified in hypertension-causing adeno-
mas. In agreement with very recent electrophysiology findings,
we show how L97R, V325G, Del93−97, and EETA956S
mutations affect NKA binding sites and lead to the opening of
new water pathways. Moreover, we show how the rearrange-
ments of the kinked M1′ helix open the intercellular ion
pathway, which may be of particular importance in revealing
the role of M1 and M1′ in sodium binding to the E1 state of
the pump. Finally, we anticipate the effect of deleting one of the
putative sodium binding sites III on the E1P−E2P transition.
Further simulations studies await the availability of the crystal
structure of the E1 or E1P states.
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