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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disease accompanied by progressive
cognitive and memory dysfunction due to disruption of normal electrotonic properties of neurons and
neuronal loss. The Na,K-ATPase interaction with beta amyloid (Aβ) plays an important role in AD
pathogenesis. It has been shown that Na,K-ATPase activity in the AD brain was significantly lower
than those in age-matched control brain. The interaction of Aβ42 with Na,K-ATPase and subsequent
oligomerization leads to inhibition of the enzyme activity. In this study interaction interfaces between
three common Aβ42 isoforms, and different conformations of human Na,K-ATPase (α1β1) have been
obtained using molecular modeling, including docking and molecular dynamics (MD). Interaction
sites of Na,K-ATPase with Aβ42 are localized between extracellular parts of α- and β- subunits and are
practically identical for Na,K-ATPase at different conformations. Thermodynamic parameters for the
formation of Na,K-ATPase:Aβ42 complex at different conformations acquired by isothermal titration
calorimetry (ITC) are similar, which is in line with the data of molecular modeling. Similarity of
Na,K-ATPase interaction interfaces with Aβ in all conformations allowed us to cross-screen potential
inhibitors for this interaction and find pharmaceutical compounds that could block it.

Keywords: Alzheimer’s disease; Na,K-ATPase; beta amyloid; interaction interface; interaction
inhibitors screening; conformations of Na,K-ATPase; ouabain; isothermal titration calorimetry;
binding constants; molecular dynamics

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease accompanied by progressive
cognitive and memory dysfunction due to neuronal loss. At the moment, there is no
effective therapy for AD. Despite the fact that AD has been studied for decades, its causes
and molecular mechanism of the disease progression are not well understood. A marker
for AD is represented by a deposition of Aβ peptide in the brain tissue in the form of
insoluble senile plaques [1]. Soluble nonfibrillar aggregates of Aβ peptides have strong
neurotoxic effects [2–5]. Posttranslational modifications of the Aβ42 peptide, especially
Asp7 isomerization and Ser8 phosphorylation, affect its oligomerization and neurotoxic
effect [6–10]. At the same time, Aβ is a regulatory peptide that interacts with different
target proteins in a healthy organism, and during AD is involved in pathogenic reactions
that result in neurotoxic effects and neurodegeneration in brains of AD patients [11–13].
Some researchers insist on the primary role of pathogenic cascades induced by Aβ in-
teraction with its targets (receptors) in AD severity [11,13]. There is evidence that Aβ

binds to postsynaptic receptors, such as α7-nicotinic acetylcholine (α7nAChR) [14] and
α4β2-nicotinic acetylcholine (α4β2 nAChR) [15], receptors for advanced glycation end
products (RAGE) [16], NLRP3 inflammasome [17], Na,K-ATPase [18] and others.
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Here we study the binding interface of Aβ with Na,K-ATPase. Na,K-ATPase creates
a sodium/potassium gradient, and inhibition of pump activity by Aβ leads to impair-
ment of electrotonic properties of neurons [19]. It was shown that interaction of Aβ with
Na,K-ATPase contributes significantly to the development of Alzheimer’s disease [20]. It
was also demonstrated that Na,K-ATPase activity in the AD brain was significantly lower
than those in age-matched control brains. Na,K-ATPase were also significantly reduced in
the AD brain [21]. The data suggest that the reduction in Na,K-ATPase activity in tissue af-
fected by AD may not be purely secondary to neurodegeneration, but may result from direct
effects of amyloid on this protein [20]. This hypothesis is confirmed by research on direct
Na,K-ATPase interaction with Aβ42 [18]. It was shown that the complex formation results
in dose-dependent inhibition of enzyme hydrolytic activity. Interaction of Na,K-ATPase
with exogenous Aβ42 leads to a pronounced decrease in enzyme transport and hydrolytic
activity in neuroblastoma cells SH-SY5Y [18]. Enzyme inhibition can occur due to Aβ42
oligomerization, when the amyloid molecule is primarily bound to Na,K-ATPase [10]. This
is confirmed by data showing that the phosphorylated peptide pS8-Aβ42, which has a lower
tendency to oligomerization, does not cause inhibition, despite binding to the enzyme [10].
Thus it can be conjectured that blocking Aβ42 binding to Na,K-ATPase would prevent its
inhibition and reduce the disruption of the electrogenic properties of neurons in AD.

However, the interaction interface between Na,K-ATPase and Aβ42 remains unstudied.
Na,K-ATPase during the catalytic cycle passes through a series of conformational transitions
from E1 to E2 states through the phosphorylated forms E1P and E2P [22]. To establish
the interaction interface and search for inhibitors, it was necessary to discover which
conformation of Na,K-ATPase amyloid binds to and how the changes in the conformation
of the enzyme affect this interaction.

In this study, interfaces for the interaction of Aβ42 with Na,K-ATPase in different con-
formations have been obtained using molecular modeling approaches. We found that the
interaction interfaces of Aβ42 with different conformations of Na,K-ATPase are practically
identical, which was confirmed by close values of thermodynamic parameters of Aβ42 bind-
ing to different states of Na,K-ATPase, obtained by isothermal titration calorimetry (ITC).
The interaction interface did not change significantly for isomerized and phosphorylated
isoforms of Aβ42 either. Then we constructed and applied a novel method for the in silico
inhibitor search based on a combination of docking procedures utilizing multiple docking
servers, with subsequent docking data refinement by molecular dynamic simulations (MD).
According to our results, the prospective inhibitors will be effective for all conformations
of Na,K-ATPase.

2. Materials and Methods
2.1. Structure Preparation for Molecular Modeling

The human α1 Na,K-ATPase structure in the E1P and E2P states and in complex
with specific ligands of the Na,K-ATPase cardiotonic steroid ouabain (OBN Na,K-ATPase
conformation) was constructed by point mutations of the sus scrofa and squalus acanthias
Na,K-ATPase structures (PDB:3WGU [23], PDB:2ZXE [24] and PDB:4HYT [25], respectively)
using UNIPROT sequence P05023 AT1A1_HUMAN for the final structure. These structures
were incorporated in the DDPC membrane and submitted for subsequent simulation for
50 ns of molecular dynamics using GROMACS software [26]. The CHARMM-GUI [27]
membrane builder was used to construct the system of Na,K-ATPase at different states
embedded in the membrane. The position of the membrane was checked according to the
UNIPROT data for P05023 (AT1A1_HUMAN).

Structures used as templates for the initial expert modeling of Aβ42 were selected
from the data of our analysis of Aβ structures in the PDB [28], together with the previously
created model of Aβ42 [29]. Aβ42 modifications with the phosphorylated Ser8 (pS8-Aβ) and
isomerized Asp7 (isoD7-Aβ) were constructed by expert modeling. All the structures were
equilibrated and relaxed during MD production run in water with the ion concentration of
115 mM.
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2.2. Protein–Protein Docking and Molecular Dynamic Parameters

Equilibrium structures were used in global full blind and targeted docking using the
servers SwarmDock [30], PatchDock [31], and Haddock [32] and in-house software for
flexible docking. Isomerized residues are not supported in the above docking software, so
we used the equilibrium structure of isoD7-Aβ with standard asparagine and then changed
it into iso-Asp7 after docking. Phosphorylated residues are not supported in some docking
software either; therefore, for the docking of pS8-Aβ, we used a limited set of servers. All
the docking results were analyzed with in-house software QASDOM [33]. and for the
docking of pS8-Aβ we used a limited set of servers.

Molecular dynamics of the resulting docked complexes Aβ42:Na,K-ATPase was per-
formed using Gromacs software package [26]. The initial structures were subjected to
energy minimization with the following consecutively applied algorithms, steepest de-
scent and conjugated gradients. Then they were equilibrated in water with the NaCl
concentration of 115 mM under position restraints for 1 ns in the NVT and NPT ensembles,
respectively. The CHARMM36 force field was used [34]. Topology for the isomerized as-
paragine was constructed by modifying the CHARMM36 force field for standard asparagine
residue, while the bonded and nonbonded parameters were retained. MD calculations were
performed with the particle-mesh Ewald technique with repeating boundary conditions
and 1 nm cutoffs. A LINCS constraint algorithm with a 2 fs time step was applied. A
constant temperature of 300 K was maintained throughout computations with two coupling
and energy groups.

2.3. The Molecular Modeling Algorithm

We present a novel algorithm to identify potential inhibitors of protein–protein
interaction by computer modeling. In this study, this algorithm was applied to the
Aβ42–Na,K-ATPase interaction.

The main steps of the algorithm are shown in Figure 1 and can be described as follows.
1. Obtaining an equilibrium structure of the target protein (in our case, of the three

Na,K-ATPase conformations) in complex with a membrane (if necessary) by application of
MD simulation.

2. Global targeted docking of the ligands (in our case, three Aβ42 isoforms described
above) to the target protein (in our case, three Na,K-ATPase conformations described above)
using docking servers, i.e., Haddock, SwarmDock and PatchDock.

Although these servers provide, according to our data, the most realistic models of
Aβ42 complexes with the target proteins in comparison with other similar servers, they
do not support the option of a membrane in docking procedures for membrane proteins.
Only those complexes that did not overlap the transmembrane region of the target protein
were used.

3. Analysis of the intermolecular contacts in the obtained complexes with the QASDOM
server. Creating a rating of the complexes by scoring function. Selection of 5–10 com-
plexes with the best affinity according to the QASDOM data for each protein:ligand
complex (in our case, five models for each Aβ42 isoform, a total of 15 models for each
Na,K-ATPase conformation).

4. Molecular dynamics to obtain an equilibrium structure of the selected complexes.
5. Analysis of the intermolecular contacts in the final complexes after MD using the

QASDOM server to determine the interaction sites and a specific interaction interface for
the target protein.

6. Structure-based virtual screening of drug compounds from the NCI Open Database
of chemical compounds (~260,000 compounds) to the identified target protein interface.

7. Molecular dynamics of the top-rated compounds in complexes with a target protein.
8. Analysis of the intermolecular contacts in the final complexes after MD with the

QASDOM server. This step is necessary, because during MD, the compound can change
its position in space and leave the intended interaction site. Therefore, after MD, the final
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effect of inhibition can be either higher or lower in comparison with the initial position of
the compound after virtual screening.

9. Obtaining a final list of drug compounds that represent potential inhibitors of the
target protein–protein interaction.
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2.4. Na,K-ATPase and Aβ42 Preparations for ITC

Aβ42 peptide was synthesized by Biopeptide. The preparation of the Aβ42 was carried
out according to the protocol [35] and as described by us in detail earlier [18]. Briefly,
the peptide was dissolved in hexafluoroisopropanol (Fluka), dried, and stored at −80 ◦C.
Before the experiment, the peptide was dissolved in DMSO for 1 h and then diluted in the
buffer solution. As we showed earlier, after such preparation, the Aβ42 was present in the
solution, mainly in the monomeric form [18].

Purified preparation of Na,K-ATPase [36] was obtained from duck salt glands as
described elsewhere [37,38]. The purity grade of Na,K-ATPase was 99% and specific
activity of the enzyme reached ~2400 µmol of Pi (mg of protein × h)−1 at 37 ◦C.

2.5. Isothermal Titration Calorimetry

The thermodynamic parameters of Aβ42 and ouabain binding to duck Na,K-ATPase
were measured using a MicroCal iTC200 instrument (MicroCal, Northampton, MA), as
described elsewhere [18]. Experiments were carried out at 25 ◦C in four buffers, as described
elsewhere [18,39]: (E2P buffer) 10 mM imidazole, 3 mMTris/Pi, 1 mM EDTA, 3 mM MgCl2,
0.1 mM DTT, pH 7.5; (E1/E2 buffer) 10 mM imidazole, 130 mM NaCl, 20 mM KCl, 3 mM
MgCl2, 0.1 mM DTT, pH 7.5; (E1 buffer) 10 mM imidazole, 1 mM EDTA, 3 mM NaCl,
0.1 mM DTT, pH 7.5; (E2 buffer) 10 mM imidazole, 1 mM EDTA, 3 mM KCl, and 0.1 mM
DTT, pH 7,5. To determine the effect of ouabain on Aβ42 binding, sequential titration
of Na,K-ATPase with ouabain was done, followed by titration with Aβ42 in E2P buffer
(OBN state, Table 2). Similarly, an experiment was carried out to determine the effect of
Aβ42 on the binding of ouabain. Aliquots (2.6 µL) of ligands were injected into a 0.24 mL
cell containing the protein solution to achieve a complete binding isotherm. Protein
concentration in the cell ranged from 15 to 20 µM, ouabain concentration in the syringe was
equal to 180 µM, and Aβ42 concentration in the syringe was equal to 200 µM. Equivalent
amounts of DMSO was added to protein solutions to avoid thermal effects of dissolution.

The effective heat of binding was obtained by subtracting the heat of dilution from
the heat of reaction. MicroCal Origin software was used to fit isothermal titration curves.
As a result, the following thermodynamic binding parameters were obtained: binding
constants (Ka) and enthalpy changes (∆H). The Gibbs energy and enthalpy changes (∆S)
were estimated according to the equations: ∆G = −RT lnKa and ∆G = ∆H − T∆S.

3. Results
3.1. Interaction Interface of Na,K-ATPase in Various Conformations with Aβ42 and Its Isoforms

Previously, we showed that Aβ42 monomers interact with the extracellular part
of Na,K-ATPase, and according to the data of Aβ42 docking to the extracellular shark
Na,K-ATPase crystal structure (PDB: 2ZXE [24]), the binding site of Aβ42 was localized in
the “gap” between the alpha- and beta-subunits of Na,K-ATPase [18]. The known data
on the Na,K-ATPase interaction with Aβ42 cannot show the exact interaction area or its
interface. Moreover, during the catalytic cycle, Na,K-ATPase passes through two main
conformations (E1 and E2), but the pattern of changes in the interaction between Aβ42
and Na,K-ATPase it not known yet. To define the interaction interface between Aβ42 and
Na,K-ATPase, as a first step we have utilized unconstrained full-blind docking of the Aβ42
peptide to the human α1 Na,K-ATPase structure at the E1P and E2P conformations, as de-
scribed in Methods. This was performed to roughly approximate the interaction sites with
Aβ42 in Na,K-ATPase. From the full set of the resulting complexes, we selected structures
that met the following criteria: (1) Aβ42 is mainly positioned in the Na,K-ATPase cavity
(located between the α- and β-subunits of Na,K-ATPase) or near it, (2) there are no inter-
actions with the membrane part of the protein, (3) and Aβ42 interacts with Na,K-ATPase
in the multiple points of its structure or with comparatively large area in the protein. The
full-blind unconstrained docking provided only five complexes for the E1P conformation
of Na,K-ATPase (showed in Figure S1) and two complexes for E2P conformation. All
structures of Aβ peptides from these complexes had an elongated shape and were wrapped
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around the Na,K-ATPase cavity near the membrane surface. According to these data,
the Na,K-ATPase surface delimited by the residues 119-AATEEE-124, 311-LILEY-315, and
887-RVDWDDRWIND-897 in the α-subunit and 84-QKTEI-88 in the β-subunit were iden-
tified as an interaction interface and a target site for the targeted global docking of Aβ42
isoforms to Na,K-ATPase at different conformations.

Structural alignment of the three different states (E1P, E2P, and OBN) of α1 Na,K-ATPase
relaxed by MD simulation showed significant structural differences in the probable in-
teraction area with Aβ42 (Figure 2). As a result of these structural differences, the global
docking of the three Aβ42 isoforms (Aβ42, isoD7-Aβ, pS8-Aβ) to the probable interaction
sites in Na,K-ATPase showed slightly different contacting residues for different conforma-
tions of Na,K-ATPase (Figure S2). To clarify the docking data, the obtained complexes of
Na,K-ATPase: Aβ42 (five best complexes for each of the three Aβ42 variants with each con-
formation of Na,K-ATPase) were subjected to MD modeling for 30–50 ns. Subsequently, we
reanalyzed the contacts in these complexes with QASDOM (Figures 3 and S2). There was
no difference in the interaction sites in any of the Na,K-ATPase conformations in complex
with different Aβ42 isoforms, although the relevant contact numbers differed. We attribute
this difference to the small number of models, and therefore it was deemed not significant.
The number of contacts was summarized over all three Aβ42 isoforms, i.e., 15 models
for each Na,K-ATPase conformation were included in the analysis of the interaction with
Aβ42. The MD results showed little divergence in the interaction regions between different
conformations of Na,K-ATPase, less than after docking (Figures 3 and S2). These data are
shown in Table 1 and Figure 3. We conclude that the MD data represent refined docking
data, where the peaks became narrower. Some areas of interaction were removed from the
final model after MD.

Table 1. Interaction sites of E1P, E2P and OBN conformations of Na,K-ATPase with Aβ42 after
docking and subsequent MD.

Conformation of the Na, K-ATPase Interaction Sites with Aβ42 after
Docking, a.a. Residues

Interaction Sites with Aβ42 after MD,
a.a. Residues

E1P α-subunit: 121–124 312–317 887–893
β-subunit: 84–87 216–222 270–273 287–290

α-subunit: 117–126 311–318 794 884–894
β-subunit: 82–87 91–111 196 217

266–273 287–298

E2P

α-subunit: 113–128 309–316
883–900 970–979

β-subunit: 82–107 197 216–226 267–273
285–290 294–303

α-subunit: 117–124 310–316 879 883
886–893 970–979

β-subunit: 83–85 91–107 217–218
268–273 287–290

OBN

α-subunit: 117–125 309–317
886–893 969–979

β-subunit: 82–87 96–107 216–221
271–273 287–290

α-subunit: 115–125 306–317 792–795 879
883 886–893 974

β-subunit: 2–87 91 100 103–107 216–218 273
287–290 294

According to the 3D arrangement, frequency, and density of the contacts with Aβ42
among all conformations of the α1 isoform of Na,K-ATPase, we consider the most promising
for inhibition of the interaction of Na,K-ATPase: Aβ42 in the following four regions. They are
delineated in theα-subunit by residues 119-AATEE-123, 310-SLILEY-315, 887-RVDWDDR-893,
and include one region in the β-subunit 84-QKTEI-88 (Figure S3). These areas are located
close to each other structurally, and it should be possible to select a universal inhibitor
that will block all these sites concurrently. The obtained results on interaction sites of
Na,K-ATPase with Aβ42 were in agreement with our previous data of shark Na,K-ATPase:
Aβ42 complexes, in which structurally similar sites Glu88, Ser101, Glu273, and Arg292 were
participating in the interaction with Aβ42 [18]. Here, we omitted from our analysis a large
interaction area located in the β-subunit, including the residues 216-KRDEDKDKVG-226,
267-TMDTEIR-273, and 285-YSEKDR-290 (Figure S3). These residues are located far away
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from the Na,K-ATPase cavity between α- and β-subunits, and we hypothesize that they do
not contribute to the reduction in Na,K-ATPase activity by Aβ42 [18].
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For Aβ42, there was no clear advantage of any single peptide interaction site. Even
the orientation of Aβ42 was similar (for E1P conformation of Na,K-ATPase in 17 cases, the
C-terminus of the peptide was inside the cavity at the entrance to the Na,K-ATPase channel,
and in 13 cases the N-terminus of the peptide was inside the cavity). In the majority of
docking models, the Aβ42 peptide was positioned in parallel with the modeled membrane
surface. Directions of the structure packing of the peptides from N- to C-termini and vice
versa wrapped around the cavity region of Na,K-ATPase occurred roughly equally.
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3.2. Binding of Na,K-ATPase at Different Conformations with Aβ42

To study the binding of Aβ42 to Na,K-ATPase in various conformations, we used ITC.
The results included estimated association (Ka) and dissociation (Kd) equilibrium constants,
and changes in enthalpy (∆H) and entropy (∆S) for the binding of Aβ42 to Na,K-ATPase in
five conformations: E1/E2, E1, E2, E2P, and OBN (Table 2).

For Na,K-ATPase in all conformations, the binding stoichiometry of Aβ42 to the
enzyme was 1:1 and the interaction enthalpy-driven (Table 2). Thermodynamic parameters
for complex formation of Na,K-ATPase:Aβ42 at different conformations were similar, in
line with the data of molecular modeling, which also showed similarity of the molecular
interface of Aβ42 interaction with the enzyme at different conformations. In complex with
ouabain (OBN conformation), Na,K-ATPase interacted with Aβ42 in the same way as the
free enzyme (Table 2). In complex with Aβ42 the binding constant of Na,K-ATPase with
ouabain (Kd = 0.12 ± 0.03 µM, ∆H = −20.2 ± 0.7, T∆S= −10.8) did not change from the
enzyme in E2P conformation (Kd = 0.10 ± 0.01 µM, ∆H = −13.7 ± 0.2, T∆S = −4.2).
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Table 2. Thermodynamic parameters of Aβ42 binding to different conformations of Na,K-ATPase at
25 ◦C.

Na,K-ATPase State a Ka,b

M−1
Kd

c

µM
∆H d

kcal/mol
T∆S e

kcal/mol
∆G f

kcal/mol

E1/E2 7.7 × 105 1.3 −2.54 5.48 −8.02

E1 3.7 × 105 2.7 −1.54 6.02 −7.56

E2 4.9 × 105 2.0 −2.21 5.55 −7.76

E2P 5.1 × 105 2.0 −1.59 6.19 −7.78

OBN 8.3 × 105 1.2 −1.21 6.87 −8.08
a The measurements of Aβ42 binding to Na,K-ATPase in different states were performed in the four different
solutions: E1/E2 state: 10 mM imidazole, 0.1 mM DTT, 130 mM NaCl, 20 mM KCl, 3 mM MgCl2, pH 7.5; E1 state:
10 mM imidazole, 1 mM EDTA, 3 mM NaCl, 0.1 mM DTT, pH 7.5; E2 state: 10 mM imidazole, 1 mM EDTA,
3 mM KCl, 0,1 mM DTT, pH 7,5; E2P state: 10 mM imidazole, 1 mM EDTA, 3 mM MgCl2, 3 mMTris/Pi, 0.1 mM
DTT, pH 7.5; OBN state: 26 µM ouabain, 10 mM imidazole, 1 mM EDTA, 3 mM MgCl2, 3 mMTris/Pi, 0.1 mM
DTT, pH 7.5. All measurements were performed three to four times at 25 ◦C. b Ka—affinity constant; standard
deviation did not exceed ±20%. c Kd—dissociation constant; calculated as 1/Ka. d ∆H—enthalpy variation;
standard deviation did not exceed ±10%. e T∆S—entropy variation; calculated from the equation ∆G = ∆H − T∆S.
f ∆G—Gibbs energy; calculated from the equation ∆G = −RTlnKa.

3.3. Virtual Screening of Inhibitors for Na,K-ATPase: Aβ42 Interaction

The structure-based virtual screening was performed using the NCI Open Database
Compounds (266,151 compounds) to the interaction interface area of E1P Na,K-ATPase:Aβ42,
specifically to all interaction sites with Aβ42 listed above. Virtual screening of such a large
database required substantial time and computer resources. To reduce computational
costs, it was decided not to screen each conformation of Na,K-ATPase independently,
since we were interested in finding inhibitors for the overall Na,K-ATPase:Aβ42 interaction
interface regardless of Na,K-ATPase conformation, but to dock the ten top-rated com-
pounds from the virtual screening results of E1P to E2P and OBN Na,K-ATPase. These
compounds were docked to the same combined interaction interface at E2P Na,K-ATPase,
and OBN Na,K-ATPase (Table 3). The resulting ten best complexes with each Na,K-ATPase
conformation were also subjected to 50 ns MD simulation to refine docking results.

The MD results of Na,K-ATPase:compound complexes are shown in Table 2. The
majority of the ligands shifted from the interaction site. The ligands that continued to
efficiently overlap the Aβ42 interaction site in Na,K-ATPase after the MD run are high-
lighted in green in Table 3. In the six screening complexes out of 30 (ten complexes for each
Na,K-ATPase conformation), the ligands moved to the membrane as a result of MD. They
are highlighted in red in Table 3. Immersion of the ligands in the membrane occurred due
to the chemical properties of the ligands and did not depend on the Na,K-ATPase confor-
mation. This was observed for all three Na,K-ATPase conformations for the compound
NCI686480 and for two conformations for the compound NCI688806. The compound
NCI610512 moved to the membrane in one conformation of Na,K-ATPase, and in the OBN
Na,K-ATPase conformation it entered the Na,K-ATPase cavity and therefore has did not
block the interaction site. We assume that these ligands had low probability of blocking
the Aβ42 interaction site in Na,K-ATPase in vitro, and therefore we eliminated NCI688806,
NCI610512, and NCI686480 from the final ranking.

In the case of OBN Na,K-ATPase conformation, more ligands remained bound to
the interaction interface than the other conformations. However, we observed several
occurrences of ligands entering the Na, K-ATPase channel. These cases are highlighted
in yellow in Table 3. We assumed that these ligands have low probability of blocking the
Aβ42 interaction site in Na, K-ATPase in vitro, and therefore we eliminated NCI84171 and
NCI298806 from the final ranking.
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Table 3. List of the top-rated ligands obtained after virtual screening of the complete NCI Open Database using the Autodock Vina program for the Aβ42 interaction
interface with the three Na,K-ATPase conformations. The complexes where the ligands (compounds) remained in the Na,K-ATPase sites forming the interaction
interface after MD simulation are highlighted in green. The complexes where the ligands (compounds) entered the Na,K-ATPase cavity after MD simulation are
highlighted in yellow. The complexes where the ligands (compounds) moved to the membrane after MD simulation are highlighted in red.

Compound Name in the NCI
and ZINC15 Databases

Rating Number and Affinity
to E1P, kcal/mol

Rating Number and Affinity
to E2P, kcal/mol

Rating Number and Affinity
to OBN, kcal/mol Compound Chemical Formula

NCI39918
ZINC4430655 1 –9.4 4 –8.0 3 –8.6

1 
 

 

 

 
 
 
 

 
 
 
 

 

NCI610512 iodine (I) atom
changed to hydrogen 2 –9.3 7 –7.4 5 –7.6
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Table 3. Cont.

Compound Name in the NCI
and ZINC15 Databases

Rating Number and Affinity
to E1P, kcal/mol

Rating Number and Affinity
to E2P, kcal/mol

Rating Number and Affinity
to OBN, kcal/mol Compound Chemical Formula

NCI617551
ZINC153412538
ZINC153412622
ZINC153412744
ZINC153412881
ZINC160342695
ZINC160342850

5 –8.9 2 –8.3 7 –7.4
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Table 3. Cont.

Compound Name in the NCI
and ZINC15 Databases

Rating Number and Affinity
to E1P, kcal/mol

Rating Number and Affinity
to E2P, kcal/mol

Rating Number and Affinity
to OBN, kcal/mol Compound Chemical Formula

NCI688806
ZINC5543121
ZINC5543124

ZINC107044834
ZINC107044838
ZINC107044843
ZINC107044846

9 –8.7 6 –7.6 8 –7.4
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MD of the Na,K-ATPase:compound complexes provided three best potential inhibitors
targeting its interaction with Aβ42. They were NCI617551 (represented in ZINC15 database
by several entries: ZINC153412538, ZINC153412622, ZINC153412744, ZINC153412881,
ZINC160342695, and ZINC160342850), NCI58783 (no ZINC15 entry), and NCI39921 (ZINC15
database entry ZINC150471868). NCI617551 was found to block the Aβ42 interaction
interfaces in the three conformations of Na,K-ATPase after 50 ns MD simulations. The other
two inhibitors blocked Aβ42 interaction interfaces in the two conformations of Na,K-ATPase
following 50 ns MD simulations (Table 3).

The other two promising inhibitors that were been eliminated by MD were NCI39918
(ZINC15 database entry ZINC4430655) and NCI23128 (ZINC15 database entry ZINC150340408).

4. Discussion

Inhibition of the function of Na,K-ATPase by Aβ42 is one of the reasons for the impair-
ment of the electrotonic properties of neurons in AD [19,40]. We previously established that
the monomeric form of Aβ42 is able to bind to Na,K-ATPase, which contains the ubiquitous
α1-subunit [18], and the inhibition of the enzyme occurs as a result of Aβ42 oligomerization
on the Aβ42 molecule, which is primarily bound to Na,K-ATPase [10]. Thus, disruption
of the binding of Aβ42 to Na,K-ATPase would prevent inhibition of the enzyme and the
resulting impairment of neuronal properties at an early stage of AD. To search for the
compounds disrupting binding, we had to define the interaction interface between Aβ42
and Na,K-ATPase.

According to our data, Aβ42 binds to the extracellular part of Na,K-ATPase [18].
Docking of Aβ42 to the extracellular region of the shark Na,K-ATPase crystal structure
(PDB: 2ZXE [22]) showed that the beta-amyloid binding site is located at the junction of the
α- and β-subunits [18]. However, the interaction interface between Aβ42 and human Na,K-
ATPase has not yet been identified. In addition, during the catalytic cycle, Na,K-ATPase,
according to the Albers–Post scheme, changes its conformation, passing from the state E1
to E2 through phosphorylated forms: E1-E1P-E2P-E2 [22]. Previously, data on the binding
of Aβ42 to Na,K-ATPase [18] were obtained only in the buffer for measurements of activity
in which both the E1 and E2 conformations of the enzyme were realized. The question of
which conformation of the enzyme Aβ42 interacts with has long remained open.

Using molecular modeling, it was found that the interaction interfaces of Aβ42 with
E1P and E2P conformations of human Na,K-ATPase, as well as with human Na,K-ATPase
in complex with ouabain (OBN conformation), remained almost unchanged (Figure 2).
These data were confirmed experimentally. The similarity between the values of the ther-
modynamic parameters of Aβ42 binding to the enzyme at the E1/E2, E1, E2, and E2P
conformations (Table 2) unambiguously indicated that the interaction interface between
Aβ42 and Na,K-ATPase did not undergo significant changes during conformational transi-
tions of the enzyme.

These data represent a significant difference between the binding of Aβ42 and the
specific ligand of Na,K-ATPase ouabain, which binds predominantly to the E2P confor-
mation of the protein [39] and fixes the enzyme in the E2P-like conformation. The reason
for this is the binding of ouabain in the gap between the transmembrane helices of the
α-subunit of the enzyme [39,41], while Aβ42 binds mostly to the protein surface between
the α- and β-subunits (Figures 2 and S1). According to the molecular modeling data,
the binding sites of ouabain and Aβ42 did not overlap, and remaining in complex with
ouabain, Na,K-ATPase was also able to bind beta-amyloid (Figure 2). Experimental data
confirmed this, demonstrating that the thermodynamic parameters of Aβ42 binding to
Na,K-ATPase in complex with ouabain did not change (Table 2). Thus, ouabain binding
did not affect the ability of Na,K-ATPase to bind Aβ42. Similarly, Aβ42 binding did not
affect ouabain binding.

The obtained data are important for understanding the functioning of Na,K-ATPase
in health and disease, indicating that even Na,K-ATPase fixed by ligands in one of its
conformations will remain a target for Aβ42. Endogenous cardiotonic steroids can lead to
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the activation of signaling pathways through Na,K-ATPase [42], which acts as a receptor
for these compounds. On the other hand, one can suggest that the binding of Aβ42 to Na,K-
ATPase can also lead to the activation of the Src-dependent cascade [18]. Since ouabain
and Aβ42 do not prevent each other from binding to Na,K-ATPase, it can be assumed that
their joint binding to the enzyme is able to modulate the activation of signaling cascades.
In a number of pathologies, an increase in the level of cardiotonic steroids is observed in
the blood [43], and in the light of the obtained data, the effect of this phenomenon on the
development of AD remains to be clarified.

When developing inhibitors of the interaction between Na,K-ATPase and Aβ42, it is
also necessary to take into account that there are Aβ42 isoforms in the body system that
differ in their pathogenic potential. Thus, the D7 isomerized isoform of Aβ42, which has
a greater tendency to oligomerize in the presence of zinc, has greater cytotoxicity [8] and
accelerates the development of amyloid plaques in a mouse model of AD [44]. At the same
time, the phosphorylated form of pS8-Aβ42 does not have the ability to inhibit Na,K-ATPase
and reduced the rate of plaque formation in a mouse model of AD [10]. As a result of
comparison of the interaction interfaces of Aβ42, isoD7-Aβ42, and pS8-Aβ42 with human
Na,K-ATPase, it became clear that the interfaces were almost identical. This is apparently
due to the fact that in the peptide, these modifications are located at the N-terminus, which
is less involved in the interaction with the enzyme. The obtained data are consistent with
the fact that the thermodynamic parameters of Aβ42 and pS8-Aβ binding have similar
values [10,18].

The similarity of the Aβ42 interaction interfaces with Na,K-ATPase in different confor-
mations suggests that the performed screening of inhibitors for Na,K-ATPase in the E1P
conformation have provided us with compounds that can prevent interaction with Aβ42 for
other conformations of the enzyme. They could also be effective not only for unmodified
Aβ42 but also for its phosphorylated and isomerized isoforms. Docking of the top 10 com-
pounds obtained by screening to the E2P and OBN conformations of Na,K-ATPase followed
by molecular dynamics confirmed that these compounds were potentially able to inhibit
the interaction of Aβ42 with Na,K-ATPase in all three conformations as well. The most
promising compound was NCI617551 (represented in ZINC15 database by several entries:
ZINC153412538, ZINC153412622, ZINC153412744, ZINC153412881, ZINC160342695, and
ZINC160342850). It overlapped the Aβ42 interaction interfaces in the three conformations
of α1 Na,K-ATPase after 50 ns of MD. The other two inhibitors potentially blocking the
Aβ42 interaction interfaces in two conformations of α1-Na,K-ATPase after 50 ns of MD
were NCI58783 (no ZINC15 entry) and NCI39921 (ZINC15 database entry ZINC150471868).

5. Conclusions

According to our data, the interaction site with Aβ42 is located in a “gap” between the
α- and β-subunits of human Na,K-ATPase. The structure of this site varies depending on
the conformation of Na,K-ATPase; however, the exact residues participating in interaction
remain the same. Computer modeling showed almost identical interaction interfaces for
the three Na,K-ATPase conformations with Aβ42. This was confirmed by similar binding
parameters of the Na,K-ATPase at different conformations with Aβ42. There was no
pronounced difference between interaction interfaces for these conformations with the
isomerized and phosphorylated isoforms of Aβ42 either. Consequently, beta-amyloid and
its isoforms bind equally well to Na,K-ATPase in any of its states, while ouabain does not
interfere with formation of Na,K-ATPase:Aβ complexes. This similarity in Na,K-ATPase
interaction interfaces allowed us to cross-screen inhibitors for Na,K-ATPase at different
states and find compounds that can potentially block interaction with beta-amyloid for all
three analyzed Na,K-ATPase conformations. Obtaining and experimental testing of the
identified inhibitors is scheduled for the subsequent phase of the project.

Supplementary Materials: Supporting information can be downloaded at: https://www.mdpi.com/
article/10.3390/biomedicines10071663/s1, Figure S1: Five complexes of Na,K-ATPase with Aβ42

https://www.mdpi.com/article/10.3390/biomedicines10071663/s1
https://www.mdpi.com/article/10.3390/biomedicines10071663/s1
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obtained by fullblind docking as it described in methods section. Aβ42 peptides are colored green
and the probable interaction sites are colored magenta; Figure S2: Interaction sites with Aβ42 on
E1P Na,K-ATPase after 50 ns MD. Sites 119-AATEE-124, 310-SLILEY-315 and 887-RVDWDDR-893 on
α-subunit and site 84-QKTEI-87 on β-subunit are concerned to present the main interaction interface
and are colored with magenta. Other interaction sites 216-KRDEDKDKVG-226, 267-TMDTEIR-273
and 285-YSEKDR-290 on β-subunit are colored with cyan; Figure S3: The number of intermolecular
contacts with three Aβ isoforms after targeted global docking of E1P (A), E2P (B) and OBN (C) con-
formations of α1 isoform of human Na, K-ATPase. The data for each conformation are summarized
for 3 Aβ isoforms and about 30 complexes from docking.

Author Contributions: Conceptualization, A.A.A., I.Y.P. and A.A.M.; funding acquisition, A.A.M.;
methodology, A.A.A., A.P.T., I.Y.P. and V.A.M.; ITC experiments, I.Y.P., M.A.S. and V.A.M.; molecular
modeling, A.A.A. and A.P.T.; project administration, A.A.A., I.Y.P. and A.A.M.; resources, A.A.M.;
supervision, A.A.A., I.Y.P. and A.A.M.; validation, A.P.T., A.A.A. and I.Y.P.; visualization, A.P.T.;
writing—original draft preparation, A.A.A., A.P.T., I.Y.P., M.A.S., V.A.M. and A.A.M.; writing—review
and editing, A.A.A., I.Y.P., V.A.M. and A.A.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Russian Science Foundation (grant #19-74-30007).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Selkoe, D.J.; Hardy, J. The Amyloid Hypothesis of Alzheimer’s Disease at 25 Years. EMBO Mol. Med. 2016, 8, 595–608. [CrossRef]

[PubMed]
2. Roychaudhuri, R.; Yang, M.; Hoshi, M.M.; Teplow, D.B. Amyloid β-Protein Assembly and Alzheimer Disease. J. Biol. Chem. 2009,

284, 4749–4753. [CrossRef] [PubMed]
3. Sadigh-Eteghad, S.; Sabermarouf, B.; Majdi, A.; Talebi, M.; Farhoudi, M.; Mahmoudi, J. Amyloid-Beta: A Crucial Factor in

Alzheimer’s Disease. Med. Princ. Pract. 2015, 24, 1–10. [CrossRef] [PubMed]
4. Maity, B.K.; Das, A.K.; Dey, S.; Moorthi, U.K.; Kaur, A.; Dey, A.; Surendran, D.; Pandit, R.; Kallianpur, M.; Chandra, B.; et al.

Ordered and Disordered Segments of Amyloid-β Drive Sequential Steps of the Toxic Pathway. ACS Chem. Neurosci. 2019, 10,
2498–2509. [CrossRef]

5. Karisetty, B.C.; Bhatnagar, A.; Armour, E.M.; Beaver, M.; Zhang, H.; Elefant, F. Amyloid-β Peptide Impact on Synaptic Function
and Neuroepigenetic Gene Control Reveal New Therapeutic Strategies for Alzheimer’s Disease. Front. Mol. Neurosci. 2020, 13,
577622. [CrossRef] [PubMed]

6. Barykin, E.P.; Mitkevich, V.A.; Kozin, S.A.; Makarov, A.A. Amyloid β Modification: A Key to the Sporadic Alzheimer’s Disease?
Front. Genet. 2017, 8, 58. [CrossRef]

7. Medvedev, A.E.; Buneeva, O.A.; Kopylov, A.T.; Mitkevich, V.A.; Kozin, S.A.; Zgoda, V.G.; Makarov, A.A. Chemical Modifications
of Amyloid-β(1–42) Have a Significant Impact on the Repertoire of Brain Amyloid-β(1–42) Binding Proteins. Biochimie 2016,
128–129, 55–58. [CrossRef]

8. Mitkevich, V.A.; Petrushanko, I.Y.; Yegorov, Y.E.; Simonenko, O.V.; Vishnyakova, K.S.; Kulikova, A.A.; Tsvetkov, P.O.;
Makarov, A.A.; Kozin, S.A. Isomerization of Asp7 Leads to Increased Toxic Effect of Amyloid-B42 on Human Neuronal Cells.
Cell Death Dis. 2013, 4, e939. [CrossRef]

9. Jamasbi, E.; Separovic, F.; Hossain, M.A.; Ciccotosto, G.D. Phosphorylation of a Full Length Amyloid-β Peptide Modulates Its
Amyloid Aggregation, Cell Binding and Neurotoxic Properties. Mol. BioSyst. 2017, 13, 1545–1551. [CrossRef]

10. Barykin, E.P.; Petrushanko, I.Y.; Kozin, S.A.; Telegin, G.B.; Chernov, A.S.; Lopina, O.D.; Radko, S.P.; Mitkevich, V.A.; Makarov, A.A.
Phosphorylation of the Amyloid-Beta Peptide Inhibits Zinc-Dependent Aggregation, Prevents Na,K-ATPase Inhibition, and
Reduces Cerebral Plaque Deposition. Front. Mol. Neurosci. 2018, 11, 302. [CrossRef]

11. Deng, L.; Haynes, P.; Wu, Y.; Amirkhani, A.; Kamath, K.; Wu, J.; Pushpitha, K.; Gupta, V.; Graham, S.; Gupta, V.; et al. Amyloid-
Beta Peptide Neurotoxicity in Human Neuronal Cells Is Associated with Modulation of Insulin-like Growth Factor Transport,
Lysosomal Machinery and Extracellular Matrix Receptor Interactions. Neural Regen. Res. 2020, 15, 2131–2142. [CrossRef]
[PubMed]

12. Abeysinghe, A.A.D.T.; Deshapriya, R.D.U.S.; Udawatte, C. Alzheimer’s Disease—A Review of the Pathophysiological Basis and
Therapeutic Interventions. Life Sci. 2020, 256, 117996. [CrossRef] [PubMed]

http://doi.org/10.15252/emmm.201606210
http://www.ncbi.nlm.nih.gov/pubmed/27025652
http://doi.org/10.1074/jbc.R800036200
http://www.ncbi.nlm.nih.gov/pubmed/18845536
http://doi.org/10.1159/000369101
http://www.ncbi.nlm.nih.gov/pubmed/25471398
http://doi.org/10.1021/acschemneuro.9b00015
http://doi.org/10.3389/fnmol.2020.577622
http://www.ncbi.nlm.nih.gov/pubmed/33304239
http://doi.org/10.3389/fgene.2017.00058
http://doi.org/10.1016/j.biochi.2016.07.001
http://doi.org/10.1038/cddis.2013.492
http://doi.org/10.1039/C7MB00249A
http://doi.org/10.3389/fnmol.2018.00302
http://doi.org/10.4103/1673-5374.282261
http://www.ncbi.nlm.nih.gov/pubmed/32394972
http://doi.org/10.1016/j.lfs.2020.117996
http://www.ncbi.nlm.nih.gov/pubmed/32585249


Biomedicines 2022, 10, 1663 16 of 17

13. Vidal, C.; Zhang, L. An Analysis of the Neurological and Molecular Alterations Underlying the Pathogenesis of Alzheimer’s
Disease. Cells 2021, 10, 546. [CrossRef]

14. Wang, H.-Y.; Lee, D.H.S.; D’Andrea, M.R.; Peterson, P.A.; Shank, R.P.; Reitz, A.B. β-Amyloid1–42 Binds to A7 Nicotinic
Acetylcholine Receptor with High Affinity. J. Biol. Chem. 2000, 275, 5626–5632. [CrossRef] [PubMed]

15. Wu, J.; Kuo, Y.-P.; George, A.A.; Xu, L.; Hu, J.; Lukas, R.J. β-Amyloid Directly Inhibits Human A4β2-Nicotinic Acetylcholine
Receptors Heterologously Expressed in Human SH-EP1 Cells. J. Biol. Chem. 2004, 279, 37842–37851. [CrossRef] [PubMed]

16. Yan, S.D.; Chen, X.; Fu, J.; Chen, M.; Zhu, H.; Roher, A.; Slattery, T.; Zhao, L.; Nagashima, M.; Morser, J.; et al. RAGE and
Amyloid-β Peptide Neurotoxicity in Alzheimer’s Disease. Nature 1996, 382, 685–691. [CrossRef]

17. Nakanishi, A.; Kaneko, N.; Takeda, H.; Sawasaki, T.; Morikawa, S.; Zhou, W.; Kurata, M.; Yamamoto, T.; Akbar, S.M.F.;
Zako, T.; et al. Amyloid β Directly Interacts with NLRP3 to Initiate Inflammasome Activation: Identification of an Intrinsic
NLRP3 Ligand in a Cell-Free System. Inflamm. Regen. 2018, 38, 27. [CrossRef] [PubMed]

18. Petrushanko, I.Y.; Mitkevich, V.A.; Anashkina, A.A.; Adzhubei, A.A.; Burnysheva, K.M.; Lakunina, V.A.; Kamanina, Y.V.;
Dergousova, E.A.; Lopina, O.D.; Ogunshola, O.O.; et al. Direct Interaction of Beta-Amyloid with Na,K-ATPase as a Putative
Regulator of the Enzyme Function. Sci. Rep. 2016, 6, 27738. [CrossRef]

19. Dickey, C.A.; Gordon, M.N.; Wilcock, D.M.; Herber, D.L.; Freeman, M.J.; Morgan, D. Dysregulation of Na+/K+ ATPase by
Amyloid in APP+PS1 Transgenic Mice. BMC Neurosci. 2005, 6, 7. [CrossRef]

20. Zhang, L.-N.; Sun, Y.-J.; Pan, S.; Li, J.-X.; Qu, Y.-E.; Li, Y.; Wang, Y.-L.; Gao, Z.-B. Na+-K+-ATPase, a Potent Neuroprotective
Modulator against Alzheimer Disease. Fundam. Clin. Pharmacol. 2013, 27, 96–103. [CrossRef]

21. Hattori, N.; Kitagawa, K.; Higashida, T.; Yagyu, K.; Shimohama, S.; Wataya, T.; Perry, G.; Smith, M.A.; Inagaki, C. Cl−-ATPase
and Na+/K+-ATPase Activities in Alzheimer’s Disease Brains. Neurosci. Lett. 1998, 254, 141–144. [CrossRef]

22. Scheiner-Bobis, G. The Sodium Pump: Its Molecular Properties and Mechanics of Ion Transport. Eur. J. Biochem. 2002, 269,
2424–2433. [CrossRef] [PubMed]

23. Kanai, R.; Ogawa, H.; Vilsen, B.; Cornelius, F.; Toyoshima, C. Crystal Structure of a Na+-Bound Na+,K+-ATPase Preceding the
E1P State. Nature 2013, 502, 201–206. [CrossRef] [PubMed]

24. Shinoda, T.; Ogawa, H.; Cornelius, F.; Toyoshima, C. Crystal Structure of the Sodium–Potassium Pump at 2.4 Å Resolution. Nature
2009, 459, 446–450. [CrossRef] [PubMed]

25. Laursen, M.; Yatime, L.; Nissen, P.; Fedosova, N.U. Crystal Structure of the High-Affinity Na+,K+-ATPase-Ouabain Complex with
Mg2+ Bound in the Cation Binding Site. Proc. Natl. Acad. Sci. USA 2013, 110, 10958–10963. [CrossRef] [PubMed]

26. Abraham, M.J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High Performance Molecular
Simulations through Multi-Level Parallelism from Laptops to Supercomputers. SoftwareX 2015, 1–2, 19–25. [CrossRef]

27. Jo, S.; Kim, T.; Iyer, V.G.; Im, W. CHARMM-GUI: A Web-Based Graphical User Interface for CHARMM. J. Comput. Chem. 2008, 29,
1859–1865. [CrossRef]

28. Adzhubei, A.A.; Anashkina, A.A.; Makarov, A.A. Left-Handed Polyproline-II Helix Revisited: Proteins Causing Proteopathies. J.
Biomol. Struct. Dyn. 2017, 35, 2701–2713. [CrossRef]

29. Barykin, E.P.; Garifulina, A.I.; Kruykova, E.V.; Spirova, E.N.; Anashkina, A.A.; Adzhubei, A.A.; Shelukhina, I.V.; Kasheverov, I.E.;
Mitkevich, V.A.; Kozin, S.A.; et al. Isomerization of Asp7 in Beta-Amyloid Enhances Inhibition of the A7 Nicotinic Receptor and
Promotes Neurotoxicity. Cells 2019, 8, 771. [CrossRef]

30. Moal, I.H.; Chaleil, R.A.G.; Bates, P.A. Flexible Protein-Protein Docking with SwarmDock. In Protein Complex Assembly; Methods
in Molecular, Biology; Marsh, J.A., Ed.; Springer: New York, NY, USA, 2018; Volume 1764, pp. 413–428. ISBN 978-1-4939-7758-1.

31. Schneidman-Duhovny, D.; Inbar, Y.; Nussinov, R.; Wolfson, H.J. PatchDock and SymmDock: Servers for Rigid and Symmetric
Docking. Nucleic Acids Res. 2005, 33, W363–W367. [CrossRef]

32. van Zundert, G.C.P.; Rodrigues, J.P.G.L.M.; Trellet, M.; Schmitz, C.; Kastritis, P.L.; Karaca, E.; Melquiond, A.S.J.; van Dijk, M.;
de Vries, S.J.; Bonvin, A.M.J.J. The HADDOCK2.2 Web Server: User-Friendly Integrative Modeling of Biomolecular Complexes. J.
Mol. Biol. 2016, 428, 720–725. [CrossRef] [PubMed]

33. Anashkina, A.A.; Kravatsky, Y.; Kuznetsov, E.; Makarov, A.A.; Adzhubei, A.A. Meta-Server for Automatic Analysis, Scoring and
Ranking of Docking Models. Bioinformatics 2018, 34, 297–299. [CrossRef] [PubMed]

34. Huang, J.; MacKerell, A.D. CHARMM36 All-Atom Additive Protein Force Field: Validation Based on Comparison to NMR Data.
J. Comput. Chem. 2013, 34, 2135–2145. [CrossRef] [PubMed]

35. Klein, W.L. Aβ Toxicity in Alzheimer’s Disease: Globular Oligomers (ADDLs) as New Vaccine and Drug Targets. Neurochem. Int.
2002, 41, 345–352. [CrossRef]

36. Boldyrev, A.A.; Lopina, O.D.; Kenney, M.; Johnson, P. Characterization of the Subunit Isoforms of Duck Salt Gland Na/K
Adenosine Triphosphatase. Biochem. Biophys. Res. Commun. 1995, 216, 1048–1053. [CrossRef]

37. Petrushanko, I.Y.; Yakushev, S.; Mitkevich, V.A.; Kamanina, Y.V.; Ziganshin, R.H.; Meng, X.; Anashkina, A.A.; Makhro, A.;
Lopina, O.D.; Gassmann, M.; et al. S-Glutathionylation of the Na,K-ATPase Catalytic α Subunit Is a Determinant of the Enzyme
Redox Sensitivity. J. Biol. Chem. 2012, 287, 32195–32205. [CrossRef]

38. Smith, T.W. Purification of Na+,K+-ATPase from the Supraorbital Salt Gland of the Duck. Methods Enzymol. 1988, 156, 46–48.
39. Klimanova, E.A.; Petrushanko, I.Y.; Mitkevich, V.A.; Anashkina, A.A.; Orlov, S.N.; Makarov, A.A.; Lopina, O.D. Binding of

Ouabain and Marinobufagenin Leads to Different Structural Changes in Na,K-ATPase and Depends on the Enzyme Conformation.
FEBS Lett. 2015, 589, 2668–2674. [CrossRef]

http://doi.org/10.3390/cells10030546
http://doi.org/10.1074/jbc.275.8.5626
http://www.ncbi.nlm.nih.gov/pubmed/10681545
http://doi.org/10.1074/jbc.M400335200
http://www.ncbi.nlm.nih.gov/pubmed/15234980
http://doi.org/10.1038/382685a0
http://doi.org/10.1186/s41232-018-0085-6
http://www.ncbi.nlm.nih.gov/pubmed/30459926
http://doi.org/10.1038/srep27738
http://doi.org/10.1186/1471-2202-6-7
http://doi.org/10.1111/fcp.12000
http://doi.org/10.1016/S0304-3940(98)00654-5
http://doi.org/10.1046/j.1432-1033.2002.02909.x
http://www.ncbi.nlm.nih.gov/pubmed/12027879
http://doi.org/10.1038/nature12578
http://www.ncbi.nlm.nih.gov/pubmed/24089211
http://doi.org/10.1038/nature07939
http://www.ncbi.nlm.nih.gov/pubmed/19458722
http://doi.org/10.1073/pnas.1222308110
http://www.ncbi.nlm.nih.gov/pubmed/23776223
http://doi.org/10.1016/j.softx.2015.06.001
http://doi.org/10.1002/jcc.20945
http://doi.org/10.1080/07391102.2016.1229220
http://doi.org/10.3390/cells8080771
http://doi.org/10.1093/nar/gki481
http://doi.org/10.1016/j.jmb.2015.09.014
http://www.ncbi.nlm.nih.gov/pubmed/26410586
http://doi.org/10.1093/bioinformatics/btx591
http://www.ncbi.nlm.nih.gov/pubmed/28968724
http://doi.org/10.1002/jcc.23354
http://www.ncbi.nlm.nih.gov/pubmed/23832629
http://doi.org/10.1016/S0197-0186(02)00050-5
http://doi.org/10.1006/bbrc.1995.2726
http://doi.org/10.1074/jbc.M112.391094
http://doi.org/10.1016/j.febslet.2015.08.011


Biomedicines 2022, 10, 1663 17 of 17

40. Kairane, C.; Mahlapuu, R.; Ehrlich, K.; Zilmer, M.; Soomets, U. The Effects of Different Antioxidants on the Activity of
Cerebrocortical MnSOD and Na,K-ATPase from Post Mortem Alzheimer’s Disease and Age-Matched Normal Brains. Curr.
Alzheimer Res. 2014, 11, 79–85. [CrossRef]

41. Tverskoi, A.M.; Poluektov, Y.M.; Klimanova, E.A.; Mitkevich, V.A.; Makarov, A.A.; Orlov, S.N.; Petrushanko, I.Y.; Lopina, O.D.
Depth of the Steroid Core Location Determines the Mode of Na,K-ATPase Inhibition by Cardiotonic Steroids. Int. J. Mol. Sci.
2021, 22, 13268. [CrossRef]

42. Xie, Z.; Askari, A. Na+/K+-ATPase as a Signal Transducer. Eur. J. Biochem. 2002, 269, 2434–2439. [CrossRef] [PubMed]
43. Orlov, S.N.; Tverskoi, A.M.; Sidorenko, S.V.; Smolyaninova, L.V.; Lopina, O.D.; Dulin, N.O.; Klimanova, E.A. Na,K-ATPase as a

Target for Endogenous Cardiotonic Steroids: What’s the Evidence? Genes Dis. 2021, 8, 259–271. [CrossRef] [PubMed]
44. Kozin, S.A.; Barykin, E.P.; Telegin, G.B.; Chernov, A.S.; Adzhubei, A.A.; Radko, S.P.; Mitkevich, V.A.; Makarov, A.A. Intravenously

Injected Amyloid-β Peptide with Isomerized Asp7 and Phosphorylated Ser8 Residues Inhibits Cerebral β-Amyloidosis in
AβPP/PS1 Transgenic Mice Model of Alzheimer’s Disease. Front. Neurosci. 2018, 12, 518. [CrossRef] [PubMed]

http://doi.org/10.2174/15672050113106660179
http://doi.org/10.3390/ijms222413268
http://doi.org/10.1046/j.1432-1033.2002.02910.x
http://www.ncbi.nlm.nih.gov/pubmed/12027880
http://doi.org/10.1016/j.gendis.2020.01.008
http://www.ncbi.nlm.nih.gov/pubmed/33997173
http://doi.org/10.3389/fnins.2018.00518
http://www.ncbi.nlm.nih.gov/pubmed/30210271

	Introduction 
	Materials and Methods 
	Structure Preparation for Molecular Modeling 
	Protein–Protein Docking and Molecular Dynamic Parameters 
	The Molecular Modeling Algorithm 
	Na,K-ATPase and A42 Preparations for ITC 
	Isothermal Titration Calorimetry 

	Results 
	Interaction Interface of Na,K-ATPase in Various Conformations with A42 and Its Isoforms 
	Binding of Na,K-ATPase at Different Conformations with A42 
	Virtual Screening of Inhibitors for Na,K-ATPase: A42 Interaction 

	Discussion 
	Conclusions 
	References

