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Introduction

Membrane proteins play a crucial role in regulating cellular environment and cell-to-cell
communication. They also serve as targets or transporters for various medically active
compounds. However, due to the fact they often contain a large hydrophobic part, or require
to be inserted in a lipid environment, they remain a challenge for experimental studies.
Similarly, obtaining membrane protein structures faces great technical difficulties [1].

Na'/K*-ATPase is a membrane protein present in great amounts within all cells, where it
maintains sodium ion gradient. In the brain, it takes part in the rapid repolarization of neurons
between neural impulses [2], or potassium clearance [3]. In heart and muscles it facilitates ion
exchange necessary for their function and in kidneys it handles sodium and fluid
reabsorptions [4]. Mutations in the genes encoding this protein can result in several
neurological disorders, muscle dystonia or hyperkalaemia and hypertension [5].

Computational biology uses the available information about protein sequence and structure to
build a model, which can be further analysed in static or dynamic studies. Molecular
dynamics simulates the time-depended evolution of the protein model. It captures large-scale
movements and dynamic events that are beyond the reach of experimental methods.
Moreover, it allows to observe the protein properties in a more physiological environment that
the one necessary for obtaining crystal structures [6]. Molecular docking treats the protein
model as a receptor for a small organic molecule and calculates binding affinities of the
protein-ligand complex. It is widely used as a tool of evaluating biologically active
compounds and their potential use as pharmacological drugs [7]

This thesis focuses on studies of the Na'/K'-ATPase by the methods of computational
biology. Molecular dynamics studies of the protein in different environments were performed
to depict the movements in the transmembrane part (opening and closing of ion pathways)
and cytoplasmic part (with respect to the binding of ATP and ADP). Molecular docking
studies were used to describe the interactions between the Na*/K*-ATPase with two groups of
small organic compounds — flavonolignans (currently used as anti-inflammatory and liver-

protection medicaments) and quinolinones (potential anti-cancer drugs).
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1. Theory

1.1. P-Type ATPases and Na'/K"-ATPase

The Na'/K*-ATPase (NKA) is an essential membrane protein that is present in all animal
cells. During its reaction cycle, NKA transports three intracellular Na* and two extracellular
K" ions across the plasma membrane to create a sodium ion gradient, which is a part of
membrane potential [8]. Moreover, sodium gradient is used as a driving force for several

secondary transporters (such as glucose transporter, or Na*/Ca®* exchanger [9]).

NKA was discovered in 1957 [10] as the first member of P-type ATPases, a large family of
proteins that transport a variety of ions, and lipids. The ATPases of this group utilise the
energy of ATP for transport and get phosphorylated in the process. They share structural
features and overall sequence similarity with several conserved sequences across the whole
family. NKA is a member of PIl subfamily [11], together with sarcoplasmic Ca®**-ATPase
(SERCA), gastric and nongastric H*/K*-ATPase or plasma membrane Ca**-ATPase (PMCA).
SERCA and gastric H'/K*-ATPase are considered the closest to NKA and are used for

comparative studies [12].

The smallest functional unit of NKA is a heterodimer of two subunits denoted o and B. NKA
can also associate with a protein of the FXYD family, formerly denoted as subunit Y.
However, several electrophoretic and kinetic measurements with NKA from tissue samples

suggest the existence of higher oligomeric states, up to (of3)s [13].
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1.2. Subunits of Na'/K™-ATPase

1.2.1. Subunit a

Subunit a is the main catalytic subunit of the NKA. It weights approximately 110 kDa and has
ten transmembrane (TM) helices. The large cytoplasmic loops between helices TM2/TM3
(C23) and TM4/TM5 (C45) form cytoplasmic (A-, P- and N-) domains that bind ATP and
undergo phosphorylation [14]. Based on the structures obtained by the X-ray crystallography
[15], [16], there are two main conformations of the a subunit — open, with the cytoplasmic
domains standing apart and closed with the domains packed together. The structure of the a

subunit is shown in Figure 1.

The A-domain (actuator) consists of the N terminal part of the subunit and C23 loop. It
rotates during the reaction cycle, the movement also influencing the cytoplasmic part of TM2.
It contains the conserved 217TGES motif (in human ol numbering, unless stated otherwise),

on the N-domain facing side.

The P- (phosporylation) and N-(nucleotide) domains are located on the C45 loop. The N-
domain is comprised of the middle of the loop, while the P-domain consists of two parts —
before and after the N-domain [17].

The P-domain contains several motifs conserved between the P-type ATPases — the
phosphorylated D376 is a part of the 376 DKTGTL motif. Together with the nearby 617TGD
motif and the 715TGDGVND motif, it creates a binding pocket for the phosphate chain of
ATP, and Mg?®* [17]. A binding site of a non-transported potassium is located at the P-domain

and is presumed to be responsible for the activation of dephosphorylation [12] .

The N-domain contains the ATP nucleotide binding pocket, made of antiparallel B-sheets. The
conserved 590-DPPR motif is located at the TM5 side of this domain [17]. This domain is
connected to the P-domain by two hinge strands that allow for a wide range of movements of
the domain during the reaction cycle [18].

The ATP molecule required for ion pumping is stretched between the N- and P-domains. The
N-domain residues taking part in nucleotide binding are K487, Q489, K508 [19] , R430,
D450, S484 [20] and F482, which binds the adenine ring by m-stacking interactions [21].
K487 and R551 of the N-domain take part in the phosphate chain binding [18], [21].

13



Exraceliuiar

DWGDEDGDOQGQBGBEUG

€ OBBBDUWDDDEBOQ.@G,“”O

ocesoceacecs ceces)
o4 e ¥ s
EoeErEreRRerREEeOy,
06@00000000&@@0000@0
O] N g ]
gecececeseccecoc

eooaeaeeocaomaoaaﬁ@m
& g .

£

E 7 1
IR0 QQGBOQDDD
=

Figure 1: The a subunit in the open (left) and closed (right) conformation and schematically.

The cytoplasmic domains are in cyan (A-domain), yellow (P-domain) and magenta (N-

domain), ATP binding residues are in blue and cation binding residues are in red, highlighted

as lines in the top image.
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On the P-domain, the ATP phosphate chain ends at D376 that is later phosphorylated. To
achieve the correct position, residues 377KTGT, 615SMVTGD and 716GDGVND help to
stabilize the phosphate chain position [22], [23].

We studied the nucleotide binding in different molecular dynamics simulation setups in

publication 1V.

The helices in the transmembrane part of NKA form the cation binding site (CBS) for the

transported ions and several pathways for these ions (and water) to reach the CBS.

There are three cation binding sites (CBS) (Figure 2). Two of them can both bind sodium and
potassium ions — site | between N783, S782 (TM5) and D811, D815 (TM®6), site Il between
A330, V332, E334 (TM4), E786 (TM5) and D811 (TM6) [15]. Only sodium ions can occupy
site 11, between T781, Y778 (TM5) and E930 (TM8) [24], [25].

Figure 2: The transmembrane part of NKA in the the open (left) and closed (right)
conformation viewed from the cytoplasmic side showing the CBS with potassium (purple) and
sodium (blue) ions. Red segments depict the differences between the conformations.

Because NKA transports sodium ions against their concentration gradient, a precise gating
mechanism including occluded sodium- and potassium-bound states is necessary.
Subsequently, attempts to describe the extra- and intracellular pathways used by the ions to
get to the CBS were published. The intracellular C-terminal pathway was described in [26] as
leading between T781, Q861, Q930, D933, D1002, Y1022 and Y1023 (between TM5, TM7
and TM8). They also mentioned the existence of an N-terminal pathway analogous to the one
in SERCA between TM1, TM2, TM4, and TM6 [27]. The extracellular pathway was
examined by mutation experiments on palytoxin inhibited pump [28] and later confirmed as
leading between TM1, TM2, TM4, TM5 and TM6 [29].
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The binding and potential transport of protons through the CBS has also been discussed [30].
Based on [26], [31], it has been proposed that E334, E786, E961 with D811 and D815 in the
potassium bound state are protonated. Recently it was suggested that the opening and closing

of the pathways is controlled by CBS residue protonation [32], [33].

We studied the influence of different ligands and protonation on the opening and closing of

ion pathways leading to CBS in publication I.

1.2.1.1. Isoforms of a-subunit

There are four isoforms of the o subunit [34], which have a great degree of sequential
similarity (81% identity for isoforms al-a3, 71% identity across all four isoforms) and are

spread across the body in tissue specific manner [35].

Isoform al is the main housekeeping isoform. It is 1023 amino acids long and it is present in
all cells. Its main role is maintaining cell homeostasis by creating sodium gradient.

Apart from this general function, the alisoform is present in a great amount in kidneys, where
it controls sodium ion reabsorption by regulating sodium excretion from blood to urine [36].
Dysfunctions in this process have been shown to play a role in hypertension [37], [38] and

aldosterone-producing adenomas [39].

Isoform o2 is present in the skeletal and heart muscles, astrocytes and other glia cells [34]. It
has 1020 amino acids with deletions in the N-terminal region and Q502 with respect to the al
isoform. It is crucial for the proper function of the body, as NKA a2 knockout mice die after
birth due to inability to breathe [40]. It cooperates with the al in the heart muscles to maintain
a proper Na* concentration, which is necessary for the Na/Ca exchange and Ca** dependent

contraction regulation [41], [42].

Mutations in the a2 subunit lead to type 2 of familiar hemiplegic migraine (FHM?2) [43], a
hereditary disease that leads to a weakness or paralysis of one side of the body during an
attack, in addition to at least two of typical migraine with aura symptoms (flickering lights in
the field of vision, feeling of pins and needles or hot and cold sensation in extremities, speech
impairments, loss of balance, double vision and severe headache) combined with photophobia
and nausea [44], resulting in some cases in decreased consciousness or even coma[45]. FHM2
associated mutations can also occur de novo, leading to sporadic hemiplegic migraine [46]

with similar symptoms.
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The mutations linked to FHM2 are L764P (near TM5 and the P-domain), W887R (L78) [47]
and G301R and others [48]. Sporadic, de novo hemiplegic migraine was also connected to o2
subunit mutations, namely E120A, E492K, P786L, R834X and R908Q [46].

The a2 mutations in mouse models were reviewed in [49].

Isoform o3 is present in neurons and central nervous system, taking care of rapid ion
exchange required for their function. It has 1013 amino acids, with a deletion in the N-
terminal region with respect to the ol isoform. There are several diseases caused by mutations
of the a3 isoform of the NKA.

The typical symptoms of alternating hemiplegia of childhood (AHC) consist of episodes
hemiplegia (paralysis of a half of the body) that may spread through the rest of the body,
which disappear during sleep (but can reappear 10-20 minutes after reawakening). The first
episode appears before 18 months of age [50]. Additionally, episodes of abnormal eye
movement, dystonia (uncontrolled muscle contractions) and developmental delay accompany
this disorder [51]. The a3 isoform mutations connected to AHC occur mostly de novo [52]
and have been identified in two different studies [52], [53] with the most frequent mutations
being D801N (corresponding to D811 in al, a part of the CBS) and E815K (corresponding to
E825 in al, at the C-terminal pathway).

The onset of rapid-onset dystonia parkinsonism (RDP) is typically caused by stress caused by
fever, heat, childbirth or emotional factors [54]. Its main symptoms are dystonia combined
with the features of the Parkinson’s disease — tremors, akinesia (decreased bodily movement),
slowness of movement and instability [55]. Unlike the Parkinson’s disease, whose symptoms
start to show at about 50 years of age in the majority of patients, RDP is typical by onset in
late adolescence or early adulthood [56]. The mutations connected to this disease are 1284T
[54], E287K [54] on TM3, T623M the P-domain [57], [58], 1768S [59], F790L on TM5 [54]
and D811Y in the CBS [56].

The CAPOS syndrome [60] is a rare disease that was discovered within a family in 1996, and
observed in two more cases since then. Its symptoms are cerebellar ataxia (the lack of
voluntary muscle coordination originating in the brain), areflexia (the lack of reflexes), pes
cavus (high foot arch), optic atrophy (wasting away of the optic nerve), and sensorineural

hearing loss (hearing loss originated in the inner ear or in the neural part). It is caused by a

17



mutation of E818 (E828 in al) to a lysine on the cytoplasmic TM6/TM7 loop in the vicinity
of both TM5 and the C-terminal pathway [61].

The o3 mutations in animal models were reviewed in [62].

Additionally, mutations of the a3 isoform were connected to even rarer disorders, such as
fever-induced paroxysmal weakness and encephalopathy (R756H, R756L mutations [63]) or
multi-symptom borderline disorder with features of both AHC and RDP (G867D mutation
[64]) or take part in early infantile epileptic encephalopathy (G358V mutation [65]) or
relapsing encephalopathy with cerebellar ataxia (R756C [66] ).

Isoform a4 is present in the male germ cells [67]. Electrophysiology experiments suggest that
this isoform is tuned to maintain a stable turnover rate in varying extracellular environments
the sperm cell encounters before and during capacitation [68]. It has 1029 amino acids, with

the additional ones present in the N-terminal region with respect to the ol isoform.

1.2.2. Subunit 8

The B subunit is located mostly in the extracellular environment, with one transmembrane
helix (TMp) at the N-terminus. The cytoplasmic part of B subunit forms an a-helix that
interacts with the C-terminal end of the a subunit. The extracellular part of B subunit covers
the extracellular ends of o subunit transmembrane helices which protects them from

degradation during protein folding [69].

The extracellular part of B subunit can be heavily glycosylated, with three to nine
glycosylation sites, present in an isoform and species specific manner. NKA can function
without the core glycosylation, it is, however, more susceptible to trypsine proteolysis.

Glycosylation also influences the adhesive properties of the protein [70].

The presence of B subunit in H'/K'-ATPase, but not in the sarcoplasmic Ca’-ATPase
(SERCA), suggests that B subunit is also necessary for potassium transport. Different 8
subunit isoforms combined with the same a subunit isoform lead to a protein with different
potassium affinities [71]. The conformation of B subunit follows the conformational changes

of the o subunit during the reaction cycle [72].

Apart from its role in the NKA function, B subunit also serves as a molecular chaperone,
which allows the protein to fold properly and plays a crucial role in the protein maturation.

Moreover, B1-B1 intercellular interaction can occur between cells expressing identical B1
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subunits, anchoring NKA at lateral borders of epithelial cells. Differential expression of 3
subunit isoforms also influences spatial localisation of NKA in the cells [71], [73].

There are three isoforms of the B subunit forming a functional protein with the a subunit and
they are distributed in tissue specific manner [71] and a regulatory  subunit-like protein [74]
present in muscles, which does not assemble with NKA, but serves as a transcription

coregulatory [75].

The o and B subunits bind together in an isoform specific manner, which in turn influence
properties of the whole enzyme. Isoform B1 preferentially binds to al, while B2 preferentially
binds to o2 [76]. In the brain cells, B3 transcript is prevalent in oligodendrocytes but
negligible in astrocytes and neurons [77], while ol and B1 are detected in neurons and

astrocytes, 02 and B2 predominantly in astrocytes and a3 in neurons [78].

The a2B2 combination with a lower K" affinity and higher voltage sensitivity than other of
isoform combinations seems to be tuned to work in an environment with a high potassium
concentration. It is found in astrocytes [78] and muscles [79], maintaining the extracellular
potassium concentration. Similarly, the activity of the a3p1 isoform combination present in
neurons with a low apparent Na® affinity is enhanced by a high intracellular sodium

concentration which occurs during membrane depolarisation [78].

1.2.3. The FXYD Family Proteins

The FXYD family proteins are a group of tissue specific NKA regulators, which consist
mostly of one transmembrane helix. The FXYD helix is located next to o subunit TM9 and
TMp and connects with them on the extracellular side by the specific FXYD sequence. There
are seven members of this family present in the human body with a great variability — only six

amino acids of approximately 60 are identical among all of them [80].

The FXYDL1 protein is present mostly in the heart, liver and skeletal muscle. It is presumed to
have a role in muscle contractility and cell volume regulation. It decreases Na* affinity of

NKA and its dissociation is controlled by protein kinase A phosphorylation.

The FXYD2 protein is predominantly expressed in kidneys and it is present in all crystal
NKA structures. It can either increase or decrease K™ affinity of the pump, depending on the
membrane potential, and it increases Na™ affinity.
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The FXYD3 protein had been found in stomach, skin, colon and uterus tissues. Moreover, it is
present in breast tumours, prostate tumour and breast tumour and colorectal cancer cell lines.

When associated with NKA, it causes a decrease in both K*and Na* affinity.

The FXYD4 protein is expressed in basolateral membranes of kidney medulla and distal
colon. It leads to increased Na" affinity, which allows the pump to transport ions even at low

intracellular Na™ concentrations.

The FXYDS5 protein is characteristic by longer N-terminal (extracellular) tail sequence than
other proteins of this family. It has been found in kidneys, lungs, heart and spleen. It has not
been found to associate with NKA.

The FXYDG6 protein is expressed in the central nervous system. It influences potassium

affinity and its role in neuronal excitability has been suggested [81].

The FXYD7 protein is present only in brain — in neurons and to lesser degree in glial cells. It
associates with the combination of al, B1, and B3 NKA isoforms, but not with 2. It increases

K" affinity of NKA, enhancing extracellular K* clearance at low concentrations [80].
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1.3. Available Structures

1.3.1. N-domain Structures

Taking advantage of its small size and solubility, N-domain structures appeared in the Protein

Data Bank (PDB) archive [82] several years before the structures of the whole NKA.

There are currently two NMR based structures of the NKA, both describing an isolated N-
domain of o subunit. They are submitted as a series of 20 snapshots sorted according to
energy. The structure with PDB ID 1MO7 is captured in the absence, while 1MO8 [18] in the
presence of an ATP molecule. In 1IMO7, the loops between sheets f2/B3 and B5/p6 are
flexible, in 1MO8, the B2/B3 loop is stabilised by the ATP molecule and only the loop
between sheets 5/B6 fluctuates.

The main difference between these two structures is in the hinge region between the N- and P-
domains, which influences the tilt angle of N-domain with respect to P-domain. The ATP-
binding residues were described as F482, K487, K508-E513 and Q489 [18].

A crystal structure of the N-domain at 2.6 A resolution was obtained in the same year as the
NMR structures, and it is deposited under the PDB ID 1Q3I [83]. In contrast to the NMR
structures, they define seven B-sheets instead of six, but they agree on five a- helixes (Figure
3). This discrepancy is probably caused by differing experimental conditions — NMR
measurements are performed in solution and allow for a wider range of small-scale structure
fluctuations than conditions necessary for crystallisation. The structure does not include any

nucleotide, but there are three nickel ions, serving as a crystallisation agents.
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Figure 3: Comparison of the NMR-solved N-domain structures 1IMO7 (cyan to pink) and
crystal 1Q3I1 (green to yellow) structures. The extra f§ sheet of 1031 is visible on the left side

of the picture.

1.3.2. Whole Protein Structures
All structures of the whole NKA were obtained by the X-ray crystallography with different

resolutions. They can be divided into two groups according to the conformational state of the

protein (Figure 4).
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Figure 4: Open (left) and closed (right) crystal conformations. The transmembrane part of o
subunit is in dark grey with cytoplasmic domains in cyan (A-domain), magenta (N-domain)
and yellow (P-domain). The ff subunit is in pale yellow, the FXYD family protein in light grey.
CBS ions are in purple (potassium) or blue (sodium; between the domains there is phosphate
in orange, ATP in black with orange phosphate chain. Red colour highlights the main

structural differences of TM helixes between the open and closed conformation.

1.3.2.1. Open Conformations

The most prominent feature of the open conformation of the NKA is the position of the A-
and N- domains wide apart (about 3.5 nm). The intracellular part of TM2 unwinds to allow
the A-domain to rotate away from it, and at least one of TM4, TM5 and TM6 unwind at the
CBS.
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There are two main groups of the open crystal structures based on the phosphorylation state of
the protein: structures with bound MgF,* as a free phosphate analogue (mimicking the E2-Pi
state) and structures with phosphorylated D376 (or corresponding residue in porcine or bovine

form, mimicking the E2-P state). However, the structures are very similar.

The MgF,* bound open structures were published earlier, but they have better resolution than
the phosphorylated ones. Structures with PDB 1Ds 3B8E [84] and 3KDP [84] are both with
bound rubidium ions (as potassium ion analogues) in the CBS and another one below the P-
domain, and a lipid molecule between TM7 and TMP (phosphatidylcholine and cholesterol,
respectively). Due to its low resolution, 3B8E is missing the extracellular part of the P
subunit. 2ZXE [85], isolated from the spiny dogfish shark, includes two potassium ions in the
CBS, one under the P-domain and a cholesterol molecule between TM7 and TM. It is the
structure with the best resolution available; therefore it is often used as template for molecular
models. 3A3Y [86] includes two potassium ions in the CBS, one under the P-domain and a
cholesterol molecule between TM7 and TMp, and an ouabain molecule in the low-affinity

position in the extracellular pathway.

All the structures differ only slightly by the position of TM1 and mobile N-domain loops. The
ouabain molecule bound in 3A3Y causes also a movement of the extracellular ends of TM3
and TM4.

A series of snapshots of CBS ion exchange was recently published [87] under the IDs 5AVQ-
5AVZ and 5AWO0-5AW9. They contain a potassium ion under the P-domain, cholesterol
between TM7 and TMP, and either two potassium; Or one potassium and one
tellurium/rubidium; or two tellurium/rubidium ions in the CBS, depending on the buffer and

the length of incubation.

The phosphorylated open structures are usually captured in the presence of ouabain or other
cardiotonic steroids (CTS). 3N2F [88], the only structure without a CTS molecule, was
superseded by 4RES [89] and removed from the PDB database. 3N23 [88] captures the high-
affinity ouabain binding in the absence of ions in the CBS, while 4HYT[90] contains a
magnesium ion in the CBS. Similarly, digoxin-bound 4RET [89] contains a magnesium ion in
the CBS and bufalin-bound 4RES [89] contains potassium in the CBS. These two structures
also differ by the position of the N-domain. Finally, 4XE5 [91] is a bovine structure with a
magnesium ion in the CBS and high-affinity bound ouabain, which differs from 4HYT by a

10° displacement of the N-domain.
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1.3.2.2. Closed Conformations

The cytoplasmic domains of the closed structures are closely packed together, with an ADP
molecule in the binding pocket between the N- and P-domains. A helix at the start of C23
loop of the A-domain leads continuously from the cytoplasmic end of TM2 and both TM4
and TM6 remain unbroken at the CBS (Figure 4).

To date there are three crystal structures of NKA in the closed conformation. 4HQJ [16] was
the first closed conformation published and even though it has the lowest resolution of all
currently available crystal structures, it illustrated the different position of the cytoplasmic
domains with bound ADP and AlF,’, and confirmed, which of two putative sites is the sodium
specific CBS site I1l. 3WGU and 3WGV [24] bring better resolution of the closed NKA
conformation and 3WGV also contains a bound molecule of oligomycin A, an inhibitor

impairing the E1-P—E2-P state transition of the protein [92].

The crystal structures, CBS-bound ions, other ligands, protein states, resolutions and years of

publication are summarized in Table 1.
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Table 1. Available high-resolution structures of NKA

“Rb" and TI" are K -analogs. ® MgF4* and AlF,” are phosphate analogues; ouabain, bufalin,
digoxin and oligomycin A are NKA inhibitors; cholesterol (CHOL), 1,2-dioleoyl-sn-glycero-
3-phospho-L-serine (DOPC) and 3-sn-phosphatidylcholine (PC) are the membrane lipids; N-
acetyl-D-glucosamine (NAG), 2-(acetylamino)-2-deoxy-a-D-glucopyranose (NDG), o-
dodecanyl octaethylene glycol (Ci2Eg), 1-O-decanoyl-g-D-tagatofuranosyl  p-D-
allopyranoside (DTFA), p-D-fructofuranosyl 6-O-decanoyl-a-D-glucopyranoside (FFDG)
and sucrose are compounds of the crystallization buffers. © E2P denotes the phosphorylated

enzyme, while E2-Pi and E1-Pi denote the enzyme with non-covalently bound phosphate.

PDB ID | lons in . b Position Assigned .

(ref.) CBS® Other ligands of domains | state® Resolution | Year

?8%3'5 2Rb* | Mg*, MgF,*, PC open E2-Pi 3,5A 2007

?&']DP 2Rb* | Mg**, MgF,*, CHOL, open E2-Pi 3,5A 2007

2ZXE . Mg**, MgF,”, CHOL, N

(5] 2K NAG, NDG open E2-Pi 2,4 A 2008

3A3Y . Mg”*, MgF,”, CHOL, N

[86] 2K ouabain, NAG open E2-Pi 2,8A 2009

5AVQ' K+/Rb+

5AW9 v Mg*, MgF.*, NAG open E2-Pi 2,6-3,5A | 2015

ITI

[87]

?25\53 Mg*", ouabain open E2P 4,6 A 2010

3N2F .

[88] 2K open E2P 4,1A 2011

AHYT Mg®, ouabain, CHOL,

[90] 1 Mg* | DOPS, CyEs, DTFA, | open E2P 3.4 A 2013
FFDG

4RES . Mg”*, bufalin, CHOL,

[89] 2K DOPS, NAG, sucrose open E2P 344 2015

4RET »+ | Mg®™, digoxin, CHOL,

[89] 1 Mg DOPS, NAG, sucrose open E2P 40 A 2015

‘[1;1']55 1 Mg* | Mg?*, ouabain, CHOL open E2P 39A 2016

4HQJ . 2 . . A

[16] 3 Na Mg, AlF,, ADP, CHOL | closed E1-Pi-ADP | 4,3 2013

3WGU . | 2Mg*, AIF;, ADP, o

[24] 3 Na CHOL. PC. NAG closed E1-Pi-ADP | 2,8 A 2013

WGV 2Mg”, AIF,, ADP

[24] 3Na" | oligomycin A, CHOL, | closed E1-Pi-ADP |28 A 2013
PC, NAG
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1.4. The Reaction Cycle

The basics of the NKA reaction cycle were already outlined in the 1960°s by Post [93] and
Albers [94] and later refined by other authors. The reaction cycle can be described as the
sequence of following steps: ATP binding — intracellular sodium binding — protein
phosphorylation — ADP release — extracellular sodium release — extracellular potassium

binding — protein dephosphorylation — intracellular potassium release — ATP binding.

The main feature of the Post-Albers diagram is dividing the protein conformations into E1
and E2 states. However, the exact definition of the E1 and E2 state properties vary, as well as
the exact sequence of steps (Figure 5). Originally, Post [93] postulated the protein adopts
states either open to the extracellular side (Eo), open to the intracellular side (E;), both of
which are at some point of the reaction cycle phosphorylated and ion bound. Albers [94]
didn’t take the transported ions into account and described the enzyme states as E1 and E2,
stating “the various forms of E1 are enzyme molecules with inwardly oriented cation sites of
high Na" affinity, the E2 forms have outwardly oriented cation sites of high K" affinity”.
These two approaches were summarised by Post and Hegyvary in ref [95]. They also
observed that K* binding reduces the enzyme affinity to ATP, which might be an indication of
the E1 (high ATP affinity) to E2 (low ATP affinity) conformational change. Currently, both
the ion affinity and ATP affinity definitions of the states are in use.

Different versions of the Post-Albers diagram are compared in Figure 5 and presented
separately in Appendix A. The most agreed-upon step is the E2-P — 2K-E2-P, which
presumes all Na* ions leave the CBS before potassium binding starts, while the protein is in
the phosphorylated E2 state. Then either dephosphorylation combined with the occlusion of
the potassium ions in the CBS occurs, or the dephosphorylation of the protein is a separate
step in the reaction cycle. The E2 — E1 transition and ions/ligands bound during this step is
still unclear, though the majority of authors presume it happens to the potassium- and ATP-
bound protein. Some authors then consider the protein to be yet again in a state without the
CBS bound ions (either as E1 or as E1-ATP), after which there is the widely agreed-upon
3Na-E1-ATP step. There is variability in the phosphorylation and sodium occlusion and
subsequent release steps; however, most authors agree that the E1 — E2 transition occurs
with the sodium ions still bound to the CBS.

The CBS ion binding sequence is better understood than whole protein moments, thanks to

both crystallography and other binding experiments. It has been shown that potassium ions
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bind sequentially first in site | and then in site Il [87]. The studies of sodium ions binding
discovered that both sodium intracellular binding [96]and extracellular release [97] are

sequential as well, first the ions occupying the binding sites I and 11, then 111 [98], [99].

Magnesium is necessary to NKA function and it is present in all the crystal structures. It
probably binds in a separate step from the ATP [100], and it helps with the NKA
phosphorylation [101]. The ion stays in the vicinity of D376, even after the phosphorylation
of the residue [102], but it is still unclear, in which part of the reaction cycle it is released.
Moreover, most studies don’t take the role of magnesium into account and don’t even

mention it in their Post-Albers diagrams.

Even though the authors usually assign a reaction cycle state to the crystal structures (2K-E2
to the open structures and 3Na-E1 for the closed structures, see Table 1), the relationship
between different states and conformations is still unclear. Moreover, in SERCA, the closest
similar ATPase to NKA, the open conformation corresponds to the E1 state, while the closed
conformation corresponds to the E2 state, opposite from the NKA, which caused especially
older publications to describe the domain movements incorrectly [103] . Given that the E1/E2
states can be defined both by the ATP and ion affinity, which correspond to different regions
of the structure, it is difficult to say, which conformational change leads to the E1«<E2 state

transition.
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(KK)-E2 (KK)-E2-ATP KK-E2-ATP KK-E1-ATP
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\KK-EI

NaNaNa-E1
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KK-E2 - \ E1-ATP

NaNa-E1-ATP.3,

(NaNaNa)-E2-P
NaNaMNa-E1-P “

KK-E2-P NaNa-E2-P NaNaNa-E1-P-ADP - NaNaNa-E1-ATP

E2-P NaNaNa-E2-P (NaNaNa)-E1-P (NaNaNa)-E1-P-ADP (NaNaNa)-E1-ATP

Figure 5: The different versions of the Post-Albers diagram. The colours depict the diagram
as used by Post [95] (purple), Vasilets [104] (dark blue), Rose [5] (light blue), Wagg [105]
(cyan), Kaplan [8] (light green), Jorgensen [17] (forest green), Martin [14] (dark green),
Dempski [72] (yellow-green), Morth [84] (green-yellow), Schack [106] (yellow), Grycova
[100] (orange), Bublitz [11] (orange-red), Gadsby [107] (light orange), Vedovato [108]
(salmon), Toyoshima [15] (red), Grichanin [109] (pink), Ogawa [87] (fuchsia) and Appel
[110] (dark red). The lines go inside of the rectangle in cases where the states go through all

depicted step and outside when skipping a step.
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1.5. Compounds Interacting with Na'/K"-ATPase

Compounds influencing the NKA function have been long used in the treatment of heart
problems [111], to promote blood circulation [112] or, more recently, are in the clinical trials
for cancer therapy [113]. On the other hand, in higher doses, they can induce acute organ

failure [114] and were used in poison arrows [115].

Compound interacting with NKA have also been studied with respect to side effects of
medicaments used for treating other diseases, such as cancerostatic cisplatin [116] or mood
stabilising lithium [117].

1.5.1. Cardiotonic Steroids

The largest group widely used group of NKA active compounds currently used in medicine
are cardiotonic steroids (CTS). They can be plant (digitalis, digoxin, ouabain) or animal
(bufalin, marinobufagenin) based [118], [119] and they inhibit NKA function by binding into
the open extracellular pathway (Figure 6) in E2P state of the protein and obstructing K* ion

movement [120].

There are several CTS present in nanomolar concentration the body, such as ouabain,

marinobufagenin, telocinobufagin or bufalin, serving as endogenous hormones [42].
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Figure 6: The structures of CTS available in crystal structures (left), with the steroid core
depicted in grey, lactone ring in black and glycones in purple. Overlay of the CTS bound in
the extracellular pathway — bufalin is in white, ouabain in light violet, digoxin in purple, CBS

potassium as a dark purple ball.

The mechanism of CTS function in heart failure treatment is by indirectly stimulating the
heart muscle. CTS inhibition of NKA stops efflux of sodium ions, leading to disruption of the
ideal Na* concentration. To counter this, the Na*/Ca®* exchanger reverses its ion transport,
which raises the concentration of intracellular calcium. Increased calcium concentration

induces a muscle contraction [121].

Even though ouabain and digoxin are used in the treatment of congestive heart failure and
atrial arrhythmias; however, their toxicity requires only low doses to be administered [122],
[123]. As they also function as endogenous hormones, heightened levels used in heart therapy
lead to long term effects such as hypertension, reduced heart contractibility [124] or
hyperthorpy, fibrosis or arrhythmia [42] .
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Therefore, the search for novel compounds acting on NKA from plants [125], animals [126]
or in databases of small molecules [119], [127] continues.

1.5.2. Flavonolignans

Flavonoids are a group of compounds present in extracts from medical plants such as Silybum
marianum or Ginkgo biloba. They have been shown to possess antioxidant, anti-cancer
antibacterial and anti-ageing properties. Together with lignans they are present in whole

grains, fruits and vegetables [128].

Flavonolignans are a subclass of flavonoids where the flavonoid is connected to a lignan.
They can be extracted from plants, such as Silypbum marianum (milk thistle [129]), Verbascum
sinaiticum (mullein [130]) or Hyparrhenia hirta (Coolatai grass [131]) or they can be
synthetized chemically.

A standardised extract from the milk thistle seeds (its name is derived from the droplets of
milk used to feed infant Jesus that supposedly fell on the plant) is called silymarin. It contains
approximately 70% of flavonolignans and exhibits hepatoprotective properties. It is used in
liver disease therapy and it is in clinical trials as a supplement to reduce chemotherapy
toxicity [132]. Apart from already medically utilised effects of silymarin, the extract also
exhibited neuroprotective activity, intestinal anti-inflammatory effect, inhibited pancreatic
cell damage and photochemical cell damage, reduced efflux of drugs mediated by membrane

efflux proteins and exhibited anti-cancer and anti-atherosclerotic activity [133].

Among frequently studied compounds present in silymarin (Figure 7) are flavonolignans
silybin, isosylibin, silychristin and silydianin (differing by the position of the lignan group
and its substituents); and flavonoids quercetin and taxifolin [134] .

Silybin, the most frequent and the most studied of these compounds is naturally present as a
nearly equimolar mixture of two diastereomers, differing by the stereometry of the 9’ bound
OH group. Silybin contains five hydroxyl groups that can be chemically modified or
substituted. The C3-OH group can be easily oxidised leading to 2,3-dehydrosylibin.
Regardless of these hydroxyl groups, the overall character of the molecule is hydrophobic
which leads to silybin’s poor water solubility. The 2,3-dehydrosylibin is even less water-
soluble than sylibin, but the extra double bond enhances its antioxidant properties — it has

better performance as both radical scavenger and inhibitor of lipid peroxidation [129].
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silydianin
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quercetin taxifolin

Figure 7: Compounds present in silymarin. Flavonoid part is in blue, lignan part in red.

The effect of silymarin was also studied with the respect to NKA and neurodegenerative
diseases. In vitro study of mouse brain NKA showed that the activity of the pump increased
with the increasing concentration of silymarin, possibly due to membrane stabilisation by

reducing lipid peroxidation [135].

In publication Ill, we examined the inhibitory effect of different flavonolignans on NKA

using both experimental and computational approach.

1.5.3. Quinolines

Quinoline and its derivatives are a diverse group of pharmacologically active compounds,
exhibiting antibiotic, antitumor or anti-inflammatory activities. A medically important
quinoline derivative is quinine ((R)-[(2S,4S,5R)-5-ethenyl-1-azabicyclo[2.2.2]octan-2-yl]-(6-
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methoxyquinolin-4-yl)methanol), which, with its derivatives, is used in the treatment of
malaria [136].

8-hydroxyquinoline derivatives show cytotoxic activity on myeloma cell lines [137], 3-
hydroxyquinoline derivatives exhibit cytotoxic activity on different leukaemia cell lines and
lung adenocarcinoma lines. 3-hydroxyquinoline also exhibit fluorescent properties [138] and
cause DNA cleavage [139]. 4-hydroxyquinoline is a tautomer of 4-quinolone, a skeletal

structure of a wide range of antibiotics [140].

Phenylquinolone (or 3-hydroxy-2-phenylquinolin-4(1H)-one) derivatives (Figure 8) are
isosteric to natural flavonoids. They also exhibit cytostatic properties [141] and can possibly

cause disruption in cell-to-cell signalling [142].

Figure 8: The structure of phenylquinolone and sites of chemical modifications.

Different isomers of chloro-derivatives of phenylquinolone can be distinguished using mass

spectrometry [143] and they are active against breast, lung and colon cancer lines [141].

In publication |1, we studied the interactions of chloro- and floro-derivatives of 3-hydroxy-2-
phenylquinolin-4(1H)-one with NKA using activity measurements and the methods of

computational chemistry and biology.
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1.6. Computational Methods in Biology

1.6.1. Homology Modelling

There are several experimental methods for obtaining the structure of a protein, such as X-ray
crystallography, NMR spectroscopy or cryo-electron microscopy. However, the great
numbers of proteins present in organisms and technical requirements of these methods are still
limiting factors of the amount of available structures [144]. On the other hand, DNA and
protein sequences are easier to obtain and they can be used as a template for structure
determination. While de novo modelling is useful for short sequences and necessary for exotic
proteins, homology modelling is the leading method of calculating unknown protein

structures [145].

To build a reliable model, a homologous protein of a known structure is necessary, ideally
with a high similarity of the sequence. Then the sequences are aligned and a template
structure is selected, either manually or as a part of the modelling software. The homology
model sequence is then built as close to the template structure as possible, while taking into
the account amino acid differences, insertions and deletions. The new structure is optimised to
avoid steric clashes and energetically unfavourable conformations [146], [147].

1.6.2. Molecular Mechanics

Molecular mechanics (MM) describes molecular systems using classical mechanics to
evaluate the energy of the system. Therefore it can be used for much larger systems than

guantum mechanics.

1.6.2.1. Force Fields

To simulate the properties of different atoms and interactions force fields are implemented
[148]. They consist of a series of equations describing bonded and non-bonded interactions
and constants describing atoms which can be parametrised empirically (eg CHARMM or
GROMOS [149]) or based on quantum mechanics (AMBER [150] or OPLS-AA [151].

The total potential can then be described as:

Vtotal(T: s) = Vbonded (r,s) + Vion-pbonded (r,5s),

where r is the position of the atoms and s force field parameters.
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Bonded Interactions
Bonded interactions can occur across one bond, two bonds (angle) or three bonds (dihedrals),

see Figure 9.

Vhondea = Voona + Vangle + Vainedaral

Figure 9: Illustration of angle between the atoms 3, 4 and 5 (yellow) and dihedral angle

between atoms 1, 2, 3 and 4 (red).

The stretching of a bond can be described by the bond term of the bonded potential:

Voona = EKbond(Tij - TO)Z

where Kpong and rq are force field parameters force constant and equilibrium bond length, and

rij the current distance between atoms, respectively.

The bending along an angle can be described by the angle term:

1
Vangle = EKangle (eijk - 90)2
where Kangie IS the force constant 6 the current angle and 6y the equilibrium angle.

The torsion of atoms around a bond can be described by the dihedral term:

1
Vainedrai = EKdihedral(l + cos(Me; 1 — ¥o))

where Kginedrar 1S @ force constant, m the order of the expansion of the periodic function, giju

the current and ¢ the equilibrium dihedral angle.
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In some applications an improper dihedral term can be used to help describe e.g. chains of

carbon atoms or organic rings.

Non-bonded Interactions
To avoid the high computational cost of calculating large number of non-bonded interactions

between all the atoms in the system, only the interaction between pairs of atoms are

considered.

The non-bonded interactions are usually described by two main contributions — electrostatic
(described by the Coulomb potential) and van der Waals (described by the Lennard-Jones
potential):

Vion-bondea = Veoutomp + VL]

The Coulomb potential can be described as:

q:q9; 1

4megEy 1y

Veoutomp =

where q;, ; are the partial charges of the atoms, & is the dielectric permittivity of vacuum, &

is the relative permittivity and rjj the current distance between atoms.

The Lennard-Jones potential can be described as

C12ij C6;;
L] = 12 —
i Ti?

where C12;;and C6;; are parameters describing the type of the atom and ri; the current distance
between atoms. The r;™* term corresponds to the repulsive and the r;® to the attractive

dispersion interaction.

The non-bonded potential can also include terms describing polarizability of the atoms or
better characterising hydrogen bonds or halogen interactions. As the non-bonded interaction
weaken considerably with distance, a cut-off distance is introduced, after which the non-

bonded interactions are approximated as a long-range correction.
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1.6.2.2. Force Field Resolution

Ideally, a force field would describe all atoms explicitly (all-atom force field), however, the
large numbers of hydrogen atoms in organic molecules requires a considerable computational

capacity. Therefore, approaches describing the molecules in less detail are introduced.

A united atom force field omits nonpolar hydrogens and includes their contribution to the
overall potential by creating hydrogen included atom parameters (e.g. CH,, CHs), which
decreases the number of atoms in the system. This approach is especially useful while

simulating membranes, as phospholipids consist of long aliphatic chains.

A coarse grained force field groups several non-hydrogen atoms into one bead (e.g. polar,
non-polar with the ability to form hydrogen bonds, charged positive) described by empirical
parameters. Coarse grain force fields are widely used for long-time simulations of large

systems such as membrane protein complexes [152] or DNA nanopores [153] .

Molecular dynamics with an added guiding potential obtained by cryo-electron microscopy
[154] can be used to describe systems containing up to several million atoms [155] by fitting

smaller parts into an experimentally gained structure.

Force fields with different resolutions can be used as two different simulation setups to
describe both precise binding mechanisms and large scale conformational changes (e.g.
membrane sculpting via the scaffolding mechanism [156]), or in one system [157], [158],
which, however, requires deep understanding of the force fields used and the compatibility of
their features [159].

1.6.3. Molecular Dynamics

Molecular dynamics (MD) is a computational method that allows the simulation of biological
systems in an environment closer to physiological that is necessary for obtaining the crystal
structures and on a timescale of the biological processes. It is based on periodic calculations

of potentials and velocities of the atoms in the system.

1.6.3.1. Molecular Dynamics Algorithm

The potential energies of the system are in a given steps are calculated using a MM force
field. Then, in a certain time step (usually 2 fs for biological systems), the atomic forces in the

system are computed using the second Newton’s law in the direction of coordinate x as:
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F= g V(%)
- Ox (x
where F is force acting on the particle, and V/(x) potential at the particle.

Moreover, we can use:

d?x

—=F
mdt2

to describe the change of the coordinates caused by this force, where x is the position of the

particle and m) its mass.

In practice, the MD algorithm can calculate both the velocities (v) and coordinate change (x)

in the same time step (e.g. the velocity Verlet algorithm):

At) = A AL’ F
x(t + At) = x(t) + Atv(t) + > 3

v(t+ At) = v(t) + ZA_; [F(t) + F(t + At)]

Or the velocities and coordinate change can be calculated in alternating half-steps as in the

leap-frog algorithm:

(t+1At>_ (t 1At>+AtFt
VIET2R) VTS m @

x(t + At) = x(t) + Atv(t + %At)

where At is the size of a time step.

1.6.3.2. Periodic Boundary Conditions

To ensure the proper behaviour of an MD simulated system, it is necessary to pay attention to
several more factors. Traditionally, the simulated molecule is placed into a MD box, which is

then filled with solvent (usually water) molecules (Figure 10).
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Figure 10: The simulation box of NKA in membrane. The transmembrane part of a subunit is
in grey with the A-, P- and N- domains in cyan, yellow and magenta, respectively; the f§
subunit is in pale yellow, the FXYD protein in light pink. The membrane lipids are in green

with coloured heads, water molecules are in blue.

Periodic boundary conditions are applied to mimic systems larger than it is computationally
possible and to avoid molecules leaving the simulation box. This approach creates virtual
copies of the system surrounding the box and the interactions of the molecules near box edges
are calculated with respect to these copies. Moreover, when a molecule coordinate exceeds
the boundaries of the box, it is translated to a corresponding position on the opposite side of

the box as shown in Figure 11.
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Figure 11: The simulation box (in colour) and its virtual version on the x axis (grey). The
periodic boundary conditions applied to a water molecule leaving the box highlighted in blue

arrows.

1.6.3.3. Regulation of Box Properties

The temperature of the system is a macroscopic property which on atomic level corresponds

to the velocity of atom movement:
n
1 , 1
Ekin = EZ m;v;" = EkaT
L

where m; is the mass of the particle, v; its velocity, N¢ is the number of degrees of freedom, T
thermodynamic temperature and k the Bolzmann’s constant. While the direct use of MD
creates a NVE ensemble, with constant number of particles, volume and energy, it is in
practice more useful to work with the NVT ensemble (with constant number of particles,
volume and pressure) and a constant temperature. To achieve that, thermostat algorithms
regulating the temperature of the system by scaling velocities of the atoms are introduced.

The Berendsen thermostat [160] maintains stable thermal environment by correcting
deviations of the current temperature (T) from the desired temperature (To) according to:

dT To—T
dt 1
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so that the temperature deviations decrease exponentially with a time constant t. The time

constant can be changed depending on the equilibrium of the system.

To achieve a correct distribution of kinetic energies, a velocity rescaled thermostat is used,

which adds a term modifying the kinetic energy according to:

Ky — K KK, dW
dK = dt + 2 |— —
Tr Ny 17

where Ky is the desired and K is the current Kinetic energy, Ny the number of degrees of

freedom and z7 a time constant similar in size to 7. dW is a Wiener noise, a stochastic process

similar to Brownian motion.

In contrast, Nosé-Hoover thermostat introduces the thermal factor directly into the equations

of motion in the form of a friction coefficient § with its momentum p;:

dpg
—=T-T,
dt 0

And the equation of motion then becomes

dle- Fi pgdxl
dt> m; Q dt

with

T72"T0
412

Q

The Nosé-Hoover thermostat causes the temperatures to oscillate while slowly converging to
To, the Berendsen thermostat induces a quick convergence and the velocity rescaled
thermostat maintains a correct distribution of kinetic energies. Therefore, each of these
thermostats can be used for a different application — Berendsen for equilibrating a system,
velocity rescaled for applications where the kinetic energy is evaluated and Nosé-Hoover for

examining an equilibrated system.

Additionally, to generate velocities at the first step of the simulation when starting only with a

set of coordinates, the Maxwell-Bolzmann distribution can be used:
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m; _mv;

2kT
27kT ¢

p(v;) =

Similarly to temperature, pressure of the system is maintained by barostat algorithms to
achieve a NPT ensemble with constant number of particles, temperature and a variable size of

the simulation box.
The Berendsen barostat works similarly to the Berendsen thermostat, as

dP _Py—P
dt  1p

and scales the box coordinates as
nplAt
Wij = 6ij — Eﬁij{POij - P;(0)}

where np is the size of the pressure correcting step and £ the isothermal compressibility of the
box.

The Parrinello-Rahman barostat works similarly to the Nosé-Hoover thermostat as

dzxi _ Fi dxl-

dtz - mi E
and
M=b1 bdb’ + db b'|p'1
B dt  dt

where b is the matrix of the box vectors bits inverse and b’ its transposed form.

1.6.4. Molecular Docking

Molecular docking is a method used in computational drug design to describe and evaluate
the binding of small molecules to proteins. It consists of two main steps — a binding
conformation search and the binding energy evaluation. In some cases, a structure of a drug
within the target protein is known beforehand and can be used as a reference for the docking

evaluation.
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1.6.4.1. Conformation Search

Usually, the whole target protein (with the possible exception of a known binding site) is
considered to be a rigid structure and does not move in the course of docking. Therefore, the
main objective of this step is to generate different conformations of the ligand (based on the

number of rotable bonds) and to fit them into the target protein structure.

There are many ways of generating the conformations of the small molecules and generally,
each docking program uses a different one. The most general method is to use the Monte
Carlo algorithm, which require a large computational capacity [161]. To decrease the
computational cost while generating sufficient amount of possible conformations, other

methods of the conformational space search and optimisation have been developed.

Genetic algorithms are based on the principles of evolutional biology. Ligand conformation,
position and orientation with respect to the target protein then create different “genes”. These
“genes” are mutated and subsequently their fitness (defined as lowest total interaction energy)
in comparison to the rest of the population is evaluated in each docking cycle. Random
individuals are then combined (“mated”) to create an offspring with a combination of parent
genes, and some offspring genes are also mutated. Only individuals with the fitness above a

selected threshold are selected to “survive” into the next generation and round of evaluation
[162].

Simulated annealing [163] generates new conformations of the system by a random
temperature-dependent atom displacement and subsequent optimisation. By lowering the
temperature during the course of the docking, the process at first samples larger and then

smaller conformation changes until it reaches an energy minimum of the system.

A gradient of the energy scoring function with respect to position and torsions can also be
used to speed up the optimisation by guiding the search algorithm in the direction of the
steepest descend of energy [164].

1.6.4.2. Energy Evaluation

To evaluate the binding energy of the ligand a free binding energy between the target protein
and ligands can be used. It features similar contributions to molecular modelling potentials,
but with more focus on evaluating different non-bonded interactions and ligand properties
[165]:
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AGbinding = AGpolar + AGvdW + AGH—bond + AGtrans+rot + AGconform + AGsolvent

where the terms correspond to polar (AGpoiar), Van der Waals (AGysw), and hydrogen bond
(AGh-pong) interactions, the ligand internal translation and rotation (AGians+rot), influence of the
binding on ligand geometry (AGeonform), and solvent-related effects (e.g. desolvatation,

hydrophobic interactions, AGsoent), respectively.

As in the case of the optimisation algorithms, the exact method of binding energy evaluation
differs widely among docking programs, which can also use a combination of different

approaches [7].

1.6.5. Relationship between Computation and Experiment

In silico studies of molecular systems date back to the half of the 20™ century [166] but the
rise of protein simulations came in the 80’s with increasingly available computational

capacity [167].

Even the first force fields used both parameters derived from quantum chemistry calculation
(partial charges) and experimental values such as bond length or bond angles, derived from
crystallography [168]. Experimental results therefore play an important role as a base for

simulation setup and a tool for validating simulation results.

To evaluate the quality of simulation software, standardised datasets and challenges can be
used. CASP (The Critical Assessment of protein Structure Prediction) provides tools to test
the accuracy of protein structure prediction and refinement [169] tools for both offline

programs and online servers.

Similarly, there are various test compound sets for molecular docking based on ligand-protein
complexes [170] or a directory of useful decoys, which also features non-active compounds
[171]. When operating within one system it is useful to check the accuracy of docking by
redocking a compound originally present in a crystal back to the same binding site if such a

crystal is available.

Computer simulations can also confirm or help to interpret experimental results. An apparent
disparity between different experimental results can be explained by a simulation as in the
case of (Aib)s-Leu-Aib peptide where experimentally measured NMR 3J values and the 3
values obtained from a crystal structure differed by about 2Hz. Molecular dynamics

reproduced the experimental data and showed that in the solution, there are several

45



conformations that contribute to the NMR *J signal and therefore the average value measured
is higher than the average value of the peptide in crystal, where the peptide movement is
restricted.

Computer simulations can also gain results that can set in doubt the interpretation of
experimental results. For example, molecular dynamics simulation and subsequent spectra
calculation used to explain why a peptide circular dichroism spectrum show that there are
several different non-helical conformational states, which however have a similar spectra to a

helical conformation [172].
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1.7. Previous Simulations of Na'/K"-ATPase

Due to lower technical requirements, the crystal structures of SERCA (sarcoendoplasmic
reticulum Ca®* ATPase) were available several years earlier than the crystal structure of
Na'/K*-ATPase [173], lead to a rise of SERCA-based NKA homology models. After the
crystal structures of NKA were obtained, the first NKA-crystal based NKA models as well as

molecular dynamics studies appeared at around 2010.

The early SERCA-based studies results can be a little confusing with today’s knowledge,
because based on the crystal structures and cytoplasmic domain positions, Na-ADP-Pi-E1
state of NKA is the closest to Ca-ADP-Pi-E1 of SERCA. The open conformation however is
the K-E2 state of NKA but the Ca-E1 state of SERCA. The E2 conformation of SERCA
corresponds to conformations without calcium in CBS and with the cytoplasmic domains in

different degree of closing and rotation depending on other ligands present [174].

1.7.1. Partial Models

Homology models NKA were used to support and explain experimental data in numerous
cases. The early models were based on the on the first SERCA crystal structure available, in

the open conformation with two bound calcium ions [175].

To explain previous iron-catalysed oxidative cleavage experiments, an o subunit model was
built based on a SERCA crystal in the open conformation, a hexokinase and by severing and
manually rotating the N-domain+ATP complex [22]. The system was then a subject of energy
minimisation to discover the most favourable conformation of the domains and nucleotide.
This approach is very approximate, but it illustrates the difficulties of creating a closed

conformation model before the crystal structure was available.

The C45 loop, between the transmembrane helixes TM4 and TM5, contains the P- and N-
domains, constituting the phosphorylation and nucleotide binding sites. It retains catalytic
activity and it is well soluble, therefore it has been a target of a number of studies, both

experimental and theoretical.

The first C45 loop model [176] was built on SERCA structure in an open conformation, and
replacing the original rabbit SERCA sequence with a porcine one. It was used as a template
for MgATP docking to describe the structural features of the N- and P-domains and an ATP

binding site. A model of the N-domain with mouse sequence based on the same template was
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used in combination with circular dichroism and Raman spectroscopy [177] to describe the
changes in the secondary structure of the N-domain upon ATP binding.

In accord with experimental setup, models of the C45 loop mutant sequences were then
prepared [178] to further evaluate the roles of Phe482 and Phe555 in ATP binding.

The SERCA-based model of the C45 loop (in the open conformation, with mouse sequence)
was later refined using the first NKA crystals [20] and served as a template for ATP and TNP-
ATP docking to support fluorescence measurements on a series of point-mutation constructs,
which together described the roles of R430 and D450 in nucleotide binding.

A molecular dynamics simulation of the C45 loop in the presence and absence of ATP and
cations was performed to support fluorescence quenching and anisotropy measurements
[100]. The article focused on the difference between binding ATP together with Mg?* and free
ATP and its influence on the opening of the N- and P- domains from their originally closed
state. It was shown that in the presence of MgATP, the system stayed in the closed
conformation, while when ATP was bound separately, the domains opened, and after the
addition of Mg®" ion started closing again. The same model was then used for surface
potential calculations that for the N-domain correlated with the fluorescence quenching results

probing the local charge on the surface of the C45 loop [179].

1.7.2. Whole Protein Models

The main goal of static homology models of the whole a subunit of NKA was to discover and
describe the cation binding sites, especially the location of sodium binding sites, because
calcium ions in SERCA provided binding positions of two cations in the CBS, analogous to

potassium.

Both sodium and potassium binding sites were described in [180], who used crystals of
SERCA in E1 and E2 states and created models including possible water molecules and
discovered a position difference in the Na* and K* binding to the CBS sites | and Il and a
possible location of the sodium-only binding site either between TM5, TM6, and TM9
helices, with Y788 and E961 binding the ion.

A homology model based on SERCA in the open conformation [175] places the sodium CBS
binding sites | and Il to a similar positions, but due to a lack of water molecules in this model,

different residues take part in cation binding, the sodium-only binding site was not described.
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Based on this model, putative extracellular and C-terminal ion pathways were suggested
[181].

A homology model based on the same open structure [175] was used together with site-
directed mutagenesis and ATPase activity measurement to explain the measured differences
in NKA activity in different mutants with respect to sodium binding. The CBS sites | and Il
were placed similarly to [180], while the sodium-only binding site was placed between TM5
and TM8, bound by T781, Y778 and Q930, close to the intracellular side of the membrane.

A different model of sodium binding (using again [175] as the template ) was made [182] to
explain previous electrophysiology measurement placed the sodium-only binding site
between TM4, TM5 and TM6, halfway between the CBS sites | and Il and the intracellular

membrane layer.

Ultimately, the sodium-only binding site was placed in all sodium bound crystals [16], [24]
between TM5, TM7 and TM8 and residues T781, Y778 and E930.

To examine and visualise the way ions move to the CBS from the extracellular side of the
protein, a SERCA-based homology model of NKA in the closed conformation with the
Xenopus laevis sequence was created [183]. The model served as a support for experimental
data obtained using MTSET as a probe and in a subsequent study as a subject of tunnel
analysis. The extracellular pathway was described as leading between TM1, TM2 and TM4,
with D811 and E334 serving as selectivity filters[29].

NKA has also been a target of molecular docking studies — a crystal structure in the open
conformation was used as a template for docking of steroid-like compounds found in Chinese
medicines, together with protein activity measurements. All studied compounds bound the
extracellular pathway, similarly to ouabain, but differed by the depth of insertion [112].
Fluorone dyes were docked into a human-sequence homology model of the protein in the
open conformation and into the closed C45 loop [184]. The dyes occupied the nucleotide
binding site, another site at the P-domain and two sites on the extracellular side of the protein,
between the o and B subunits and between the B subunit and the FXYD family protein,

respectively.
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1.7.3. Molecular Dynamics

Molecular dynamic studies of the whole NKA started to appear as the first NKA crystal
structures were available, which together with the lowering cost of high-performance
computational systems led to better achievability of whole protein computational studies.

A set of structures, with porcine sequence in open conformation with phosphorylated D376,
was created to examine the role of a mutation in the C-terminal region of the a subunit present
in patient suffering from FHM2 [26]. The simulations explained the results of
electrophysiology measurements of mutant protein by showing a C-terminal water pathway
leading between TM5, TM7 and TM8 leading to a presumptive sodium-only binding site. The
pathway was suggested to serve as a way for proton movement form the cytoplasmic side to
CBS as a possible explanation of previous studies. The role of protonation of an aspartate

(corresponding to D933 in human a1 numbering) on the reaction cycle was also highlighted.

This water pathway was subsequently studied with respect to a protein kinase A NKA
phosphorylation in systems comparing the models of S941E mutation simulating the
phosphorylation in electrophysiological measurements and in-silico phosphorylated protein,
still with porcine sequence in open conformation with phosphorylated D376. The C-terminal
water pathway opened in the simulation with phosphorylated protein, but stayed closed in the
S941E mutated one, providing an explanation for the lack of leak current in the experimental
data. Therefore, a phosphorylation-induced opening of the C-terminal pathway was proposed
to be the cause of lowered sodium affinity causing the experimentally observed NKA
inhibition [185].

A series of mutants of phosphorylated NKA in the open conformation with empty CBS was
created to study mutations connected to adrenal hypertension. Mutated or deleted amino acids
were located on TM1 and TM4, near the N-terminal pathway, and on TM9, in the vicinity of
the CBS binding site I11. Sodium ions from the bulk solution move spontaneously into CBS in
the wild type simulation, this binding is however, disrupted in the mutants. An intracellular
water pathway was observed between TM1, TM4 and TM5 in one of the mutated systems,
with a deletion in the M1 region. Similarly, a deletion on TM9 led to opening of a water
pathway from the intracellular side [186].

With the availability of the crystal structures of NKA in the closed conformation, the binding

of small molecules to the phosphorylated, ADP-bound closed conformation NKA model was
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examined, together with protein activity measurements. Sizes of the channels leading to CBS
as well as rotation of T779 were identified as the main factors of ion selectivity [187].

The interaction between o subunit and different isoforms and isoform hybrids of B subunit
was studied on a series of models in the closed conformation. The tilt of the transmembrane
helix TMP was found to be the determining factor influencing the E1-E2 protein equilibrium
and ion affinity [188].

Molecular dynamics studies of NKA were also used in determining the protonation states of
residues in CBS. A pKa analysis followed by simulations of simplified models based on the
NKA in the open conformation, lead to the conclusion that the protonation of E334, E786 and
D815, but not D811 lead to CBS selectivity for potassium and ensure the stability of CBS in
the E2-P state [31]. A large series of models in both open and closed conformation with
differing protonation states of selected residues was created and pKa and Na/K binding free
energy difference was calculated. According to them, E334, E786 and E961 are protonated in
both open protein conformation with bound potassium and closed protein conformation with
sodium, protonated D811 assures the Na* selectivity of all three CBS sites, while D815 and
D933 are deprotonated in the Na'-bound state. On the other hand, in the K*-bound state,
D811 is deprotonated and D815 with D933 are protonated D815 and D933 [32]. Finally, a
series of NKA models in the closed conformation with different protonation states of CBS
aspartates and glutamates and showed that the different protonation stated of E334, E786 and
E961 can serve as a gating mechanism for opening and closing of the CBS end of ion
pathways [33].
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2. Simulation Setup

2.1. Molecular Dynamics

The protein structure was based on the crystal structures with PDB IDs 2ZXE [85] for the
open conformation, and 4HQJ [25] for the closed conformation. Homology models with the
human o41p:FXYD2 sequence were created using MODELLER 9.9 package [189] and Uniprot
[190] IDs P05023, P05026 and P54710 respectively. The simulations were performed and
processed with  GROMACS 4.5.4 [191] for earlier simulations and GROMACS versions
5.1.1 and 5.1.2. [192] were used for later simulations. The results were visualised by PyMol
1.6.0.0 [193] and VMD 1.9.1 [194]. Tunnel analysis was performed by MOLE 2.0 [195] and
ligand binding analysis was performed by Maestro ligand interaction tool [196] and by PLIP
1.2.0 [197].

Several different combinations of protein conformation, CBS ions, CBS residue protonation,
cytoplasmic domain ligands and bulk ions were created to simulate NKA in different points of

the reaction cycle (full list in tables 2 and 3).

The protein was inserted into a dioleoylphosphatidylcholine (DOPC) bilayer using g_membed
[198] in a 15x15%20 nm hydrated box. To simulate conditions closer to physiological, ions
corresponding to 154 mM of NaCl or KCI were added to the system. Periodic boundary
conditions were applied in all directions. The force field used for protein, ion and ATP was
Gromos53a6 [199]. The ATP molecule was placed either next to F482 in the open structures
as argued in [19] or replacing the ADP+AIF, in the closed structures. A magnesium ion was
either retained at D376 as in the crystal structures, or deleted. The CBS ions were either
retained at their positions in the crystal structures, replaced at the same positions, or in the
case of the sodium only CBS site Il either deleted or placed between D933 and T781 in the
open structures. Berger parameters [200] were used for phospholipids. A phosphate ion
(H,PO4) was inserted in the place of MgF,> or AIF, in the crystal structures or instead of the
y-phosphate of ATP, respectively and parametrised according to [201]. ADP molecule
parameters were obtained in the ATB repository [202] and it was either retained at its location
in the closed crystal structures or it was placed instead of the corresponding part of ATP. In

several simulations, E344, E786 and E961 were protonated as argued in [31] and [26].

The system was minimised using the steepest descend method, with maximum 1500 steps and

the maximum force to converge 1000 kJ.mol*nm™. A 10 ns prerun with fixed protein
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backbone was performed before each simulation, with the temperature set to 310K with V-

rescaled thermostat [203], and pressure set to 1 bar using anisotropic Berendsen barostat

[160], the leap-frog Verlet integrator [166] was used with time step 2 fs.

The main run was performed with leap-frog Verlet integrator [166] and time step 2 fs, for 100

ns in the majority of the simulations, with some simulations running for 50 or 70 ns of the due

to technical reasons. The thermal coupling was performed by V-rescaled thermostat set to

310 K [203] and the pressure coupling by Parrinello-Rahman barostat [205] set to 1 bar.

Table 2: Simulation setups — closed conformation of the protein

simulation name protonated conf. CBSions ligandss solvent
hC 2K _Mg_ATP yes closed | 2K Mg, ATP NaCl
C 2K Mg _ATP no closed | 2K Mg, ATP NaCl
C 2K _Mg_ATP_KSOL no closed | 2K Mg, ATP KCI
C 2K _Mg_ATP2D no closed | 2K Mg, ADP, Pi | NaCl
C 2K _Mg_ADP_Pi no closed | 2K Mg, ADP, Pi | NaCl
C 2K _Mg_ADP_Pi_KSOL | no closed | 2K Mg, ADP, Pi | KCI
hC 2K_ATP yes closed | 2K ATP NaCl
C 2K_ATP no closed | 2K ATP NaCl
hC 2K_Mg yes closed |2K Mg NaCl
C_2K_Mg no closed | 2K Mg NaCl
hC_3Na Mg _ATP yes closed | 3 Na Mg, ATP NaCl
C_3Na_Mg_ATP no closed | 3 Na Mg, ATP NaCl
C_3Na_Mg_ATP_KSOL no closed | 3 Na Mg, ATP KCI
C 3Na_Mg_ATP2D no closed | 3 Na Mg, ADP, Pi | NaCl
C _3Na_Mg_ADP_Pi no closed | 3 Na Mg, ADP, Pi | NaCl
C_3Na_Mg_ADP_Pi_KSOL | no closed | 3 Na Mg, ADP, Pi | KCI
hC_3Na ATP yes closed | 3 Na ATP NaCl
C_3Na _ATP no closed | 3 Na ATP NaCl
C _3Na ATP_KSOL no closed | 3 Na ATP KCI
hC_3Na Mg yes closed |3 Na Mg NaCl
C_3Na_Mg no closed |3 Na Mg NacCl
C_K_Na ATP no closed |1NalK | ATP NaCl
C_K_Na_Mg no closed | 1NalK | Mg NaCl
C_Na_K_ATP no closed |1NalK | ATP NacCl
C_Na_K_Mg no closed |1NalK | Mg NacCl
C_2Na_ATP no closed |2 Na ATP NaCl
C_2Na_Mg no closed |2 Na Mg NaCl

Table 3: Simulation setups — open conformation of the protein
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simulation name protonated conf. CBSions ligands solvent
hO 2K Mg yes open 2K Mg NaCl
O_2K Mg no open 2K Mg NaCl
hO 2K Mg Pi yes open 2K Mg, Pi NaCl
O_2K_Mg_Pi no open 2K Mg, Pi NaCl
hO_2K_Mg_ATP yes open 2K Mg, ATP NaCl
O_2K_Mg_ATP no open 2K Mg, ATP NaCl
O_2K Mg_Pi_ATP no open 2K Mg, Pi, ATP | NaCl
hO 2K _Pi yes open 2K Pi NaCl
O_2K_Pi no open 2K Pi NaCl
hO_2K_ATP yes open 2K ATP NaCl
O 2K _ATP no open 2K ATP NaCl
O 2K Pi_ ATP no open 2K Pi, ATP NaCl
hO 2K yes open 2K - NaCl
O_2K no open 2K - NaCl
hO_3Na_Mg_ATP yes open 3 Na Mg, ATP NaCl
O_3Na_Mg_ATP no open 3 Na Mg, ATP NaCl
hO_3Na_ATP yes open 3 Na ATP NaCl
O_3Na_ATP no open 3 Na ATP NaCl
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2.2. Molecular Docking

The protein models for molecular docking were crystal structures with PDB IDs 3KDP (open
conformation) and 4HQJ [16] (closed conformation) or human sequence homology model —
the starting point of simulation C_3Na_Mg_ATP. The structures of organic compounds for

docking were obtained by DFT calculations by M. Biler.

The structures were prepared for docking by Autodock Tools 1.5.6 [206], with all single

bonds remaining rotable.

The docking was performed by Autodock Vina 1.1.2 [164] with the grid covering the whole
protein (exhaustiveness set to 400 and num_modes to 9999). In the case of quinolinones, an

extension of Vina [207] was used to better describe halogen binding.
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3. Results and Discussion

3.1. Simulation Properties

All molecular dynamics simulations shared the same basic structure. Homology models of
NKA were created using crystal structures from the Protein Data Bank archive. The animal
amino acid sequence (shark in 2ZXE with the open conformation, porcine in 4HQJ with the
closed conformation) was replaced by human sequence with isoforms alB1FXYD2. The
protein was then placed into a membrane consisting of DOPC (dioleoylphosphatidylcholine),
a phospholipid present in large amount in eukaryotic plasma membranes [208] or
experimental lipid mixtures [209]. The simulation box was filled with water molecules, and
ions mimicking the physiological concentration (154 mmol/L, corresponding to about 350
atoms) were added (Figure 12). Different simulations were then obtained by varying ions in
the bulk solution (NaCl or KCI), ions in the CBS (Na* or K"), protonation of CBS (E344,
E786 and E961) and ligands at the cytoplasmic domains (Mg**, Pi, ATP, ADP).

LT

Figure 12: A schematic view of the simulation box [210]. The a subunit is in green, [ subunit
in cyan, the FXYD protein in magenta, magnesium ion in yellow, the membrane in yellow-

orange, bulk ions in blue (cations) and red (CI).

After the initial relaxation from the crystal structure (cca 10 ns), all simulations remained

stable for the rest of the simulation with only gradual conformational changes. The overall
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movements were less prominent in the simulations with the protein in the closed
conformation. The cytoplasmic domains did not move significantly from their original
positions, remaining closed. The domains were more mobile in the simulations with the
protein in the open conformation, and generally moved closer together. However, no
originally open structure reached a properly closed conformation. To achieve that, the A-
domain must not only move towards the N-domain, but also rotate considerably, which
probably requires much longer time scale. To describe the domain movements, several amino
acids were selected — L203, F555 and M615, to measure the distances between the centres of
mass of the A-, N- and P-domain, respectively (Figure 13). The distances between E223 and
R551 or G196 and D740 were used to describe the rotation of the A-domain. Interestingly, the
distances between domains differed in several cases depending on the protonation state of the
CBS ions, suggesting a sensitive long-distance communication system.
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Figure 13: Distances between the cytoplasmic domains. Full symbols denote simulations with

protonated CBS amino acids, empty the deprotonated ones, “x” the crystal structures[210].
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3.2. lon Pathways

The main function of NKA is to transport sodium ions against concentration gradient out from
the cell and potassium ions inside. To achieve that, ions must move into the CBS, where they
are occluded, before they are released on the opposite side of the membrane. Therefore, the
knowledge of molecular pathways and when in the reaction cycle they open and close, is an
large important step towards better understanding the details of protein function and the way

how a mutation impacts its function leading to a disease.

We identified five different ion and water pathways leading to the cation binding site from
both intracellular and extracellular side of the membrane (Figure 14). Three of them — the N-
terminal, the C-terminal and the extracellular pathway had been described before. The
TM3/TM7 and TM6/TM9 pathways are novel.

N-terminal

Figure 14: The pathways from the view parallel to the membrane (A) and from the
intracellular side (B) [210].

Moreover, we observed various dynamic properties of the pathways, such as their opening,

closing, or movement of water molecules and ions from the bulk solution to the CBS.
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3.2.1. N-terminal Pathway

The intracellular N-terminal pathway (Figure 15) starts under the A-domain and leads to CBS
site I1. It is situated between helixes TM1 (R94, Q95, G99, F100, S101, L104), TM2 (V39,
T143, S147, Q150, E151), TM3 (A285, E289), TM4 (V332, E334, L337, V340, T341) and

TM6 (M816). lon movement through this pathway was observed during a simulation.

The mutations of amino acids in the outer region of this pathway (R94, Q95, and G99),
decreased the sodium affinity. On the other hand, mutations of F100, L104, or L337 that lie

closer to the CBS end of the pathway influenced the affinity of potassium and increased its
deocclusion [211]-[214] .

Figure 15: The intracellular N-terminal pathway (blue), from the “front” and “back” of the
protein. The o subunit is coloured in a rainbow scale blue to red (N-terminus to C-terminus),

the [ subunit is in yellow, CBS ions in black, the FXYD protein is hidden for clarity.
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3.2.2. C-terminal Pathway

The intracellular C-terminal pathway (Figure 16) starts at the C-terminal end of o subunit and
continues through the CBS 111 to the CBS I. It leads between TM5 (K774, A777, Y778, T781,
N783), TM6 (D815), TM7 (E847, M852, A853, Q856, 1857, Q861), TM9 (Q930, W931,
D933, V935, 1936, C937, K938, R940), and TM10 (1998, Y1001, D1002, R1005, 11009,
Y1022, Y1023). No ion movement was observed through this pathway. It is usually narrower
than the other pathways, with water molecules forming only a one-by-one chain of molecules
instead of moving freely. It has been proposed that this pathway serves as a channel for CBS

protonation from the intracellular site [26].

Experimental studies reported greatly reduced enzyme activity after mutation of C937 [215]
or N783 [216].

The entrance to this pathway was blocked by binding of flavonolignans (publication I11) and

quinolinones (publication I1) in our docking studies.

Figure 16: The intracellular C-terminal pathway (red), from the “front” and “back” of the
protein. The o subunit is coloured in a rainbow scale blue to red (N-terminus to C-terminus),

the B subunit is in yellow, CBS ions in black, the FXYD protein is hidden for clarity.
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3.2.3. Extracellular Pathway

The extracellular pathway (Figure 17) is the only one leading towards the extracellular side of
the membrane. It is situated between TM2 (N129, Y131), TM6 (T804, T806, 1807, L808,
C809), TM8 (F916) and A977 with R979 on the loop between TM9 and TM10. It is only
present in a few of our simulations, because our combinations of ligands and bulk ions

promoted opening of other pathways.

This pathway has been examined using an palytoxin-inhibited pump, cysteine point mutations
and methanethiosulfate probes [28], [29]. This pathway is also the binding site for ouabain
and other cardiotonic steroids in the crystal structures [86], [89], [90], as well as several

flavonolignans in our docking study (publication Il1) .

Figure 17: The extracellular pathway (purple), from the “front” and “back” of the protein.
The a subunit is coloured in a rainbow scale blue to red (N-terminus to C-terminus), the f

subunit is in yellow, CBS ions in black, the FXYD protein is hidden for clarity.
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3.2.4. TM3/TMT7 Pathway

The intracellular TM3/TM7 pathway (Figure 18) leads between TM3 (H290, F291, 1294,
1295, VV298) and TM7 (N783, E786, 1787, V845, E847, 1850, S851, Y854, G855) towards the
CBS I. Residues of TM4 (A330, N331, P333) and the B subunit (K21, E24, F27, R28, W32)
also take part in this pathway. It allows water molecules, and in one case Na* ion, to enter

CBS. This pathway often closes in the course of a simulation.

In mutagenesis studies, it was discovered that modifying H290 or F291 increased the enzyme
affinity to potassium and decreased the affinity to ATP and that the H290A mutation produces
non-viable cells [218]. These residues are located at the membrane level of the TM3/TM7
pathway. On the other hand, the mutation of E786A, at the CBS end of this pathway,

decreased affinity to both sodium and potassium ions and increased the affinity to ATP [219].

Figure 18: The intracellular TM3/TM7 pathway (orange), from the “front” and “back” of the
protein. The o subunit is coloured in a rainbow scale blue to red (N-terminus to C-terminus),

the B subunit is in yellow, CBS ions in black, the FXYD protein is hidden for clarity.
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3.2.5. TM6/TM9 Pathway

The intracellular TM6/TM9 pathway (Figure 19) leads along the helices TM6 (L812, T814,
D815, M816, V817, S821, Y824) and TM9 (L934, 1953, F956, E960, E961), but it can also
reach to TM2 (F146), TM5 (Y778) or past TM9 towards the intracellular end of the FXYD
family protein (R48, R51). lons used this pathway to move to CBS in two simulations with

bound potassium and ATP.

In experimental studies, mutations of E960 and E961 to alanine did not produce a significant
change in affinities, however, the mutations to lysine result in non-viable cells [220]. E961
can turn inwards and reach to the CBS IlI, which can be disrupted by the charge switch from

glutamate to lysine. E960 is a stable point for ions moving through the TM6/TM9 pathway
towards the CBS.

Figure 19: The intracellular TM6/TM9 pathway (green), from the “front” and “back” of the
protein. The o subunit is coloured in a rainbow scale blue to red (N-terminus to C-terminus),

the B subunit is in yellow, CBS ions in black, the FXYD protein is hidden for clarity.
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3.3. Nucleotide Binding

3.3.1. The Nucleotide Binding Modes

To describe the nucleotide binding, several simulations with bound ATP and ADP+Pi and
different combinations of ions in CBS and the bulk solution were analysed. We used three
different methods (PLIP, ligand interaction diagram, both for the last frame of the simulation,
and analysis of residues closer than 3.5 A from the nucleotide in the last 10 ns of the
simulation) to depict the nucleotide binding. We identified five different residue clusters on

the P- and N-domain (Figure 20) interacting with the nucleotide.

N1

Q489
N R513%% N
K508 k508N 1
V552 V552 “Rss1C
R551 PR3
N2

A T3 78g = Q ' A

Figure 20: The nucleotide binding sites in the open (left) and closed (right) conformation of
the protein. A-domain is in cyan, P-domain in yellow, N-domain in magenta, ATP in black.
The residues taking part in nucleotide binding are in stick representation. Site P1 in orange,
P2 yellow, P3 and N2 different shades of red, N1 in purple. K487, R513, H620, and R692 are

displayed in lines.

There are three clusters located on the P-domain, and they bind the phosphate chain of a
nucleotide, occasionally reaching towards the ribose. Site P1 consists of D376, K377 and
T378. It binds the terminal phosphate of ADP or ATP, and D376 is phosphorylated during the
reaction cycle. A magnesium ion, or in the simulations without it, a cation from the bulk
solution, binds into this site as well. Site P2 contains T617, G618 and D619 and binds the
phosphate chain and, in some cases, the ribose. The free phosphate in simulations with the
closed protein conformation binds in this site. Site P3 completes the third part of the binding
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pocket and it contains the residues K698, D717, V719, N720 and D721. This site takes part in
the catalytic magnesium and nucleotide phosphate chain binding. Experimentally, the
716GDGVND sequence was shown to stabilize the NKA state before phosphorylation [23].
Cleavage experiments with Fe?* as a Mg®* substitute have produced fragments with sequences
corresponding to 376DKTGT, 615MVTGD, and 715TGDGVNDS are located near the Mg**
binding site [22].

On the N-domain, there are only two binding sites. However, it contains a great amount of
charged residues with long side chains such as arginine or lysine, which can move
considerably and reach relatively far from their backbone. Site N1 consists of Q489 and
K508, which can both bind the nucleotide with their backbone, sidechain or both, as
confirmed by the last 10 ns analysis which shows G509 and A510 in the vicinity of the
nucleotide as well. Residues of this site have been experimentally shown to bind nucleotide
[19]. Site N2 consists of the backbones of R551 and V552, together with L553 in the last 10
ns analysis. This residues can bind the nucleotide adenine, ribose or o phosphate of the
phosphate chain, depending on the orientation of the nucleotide. As mentioned above, R551
can also reach quite far into the binding pocket, or into the space between domains, and take
part in the nucleotide binding with the sidechain as well. The role of R551 in nucleotide

binding has also been observed experimentally [221].

Apart from these sites, there are several other significant residues taking part in the nucleotide
binding. F482 is spatially located near the N1 site and in the simulations with the open
conformation of the protein; the ATP was placed at this residue as argued in [179]. The PLIP
analysis and ligand interaction diagram did not show this residue very often, probably due to
their strict m-stacking position requirements; however, the last 10 ns analysis confirmed that
F482 is present in the vicinity of the nucleotide. K487 was not included in any of the binding
sites, although it binds the nucleotide in more than 80% of simulations. It can bind either
adenine or the phosphate chain of the nucleotide. This residue has also been experimentally

shown to take part in the nucleotide binding [222].

Given the large distance between the domains in the open conformation of the protein, it is
not surprising that the P-domain sites take part in the nucleotide binding only in the
simulations with the closed conformation. However, H620 and R692 can extend their
sidechains to the space between the domains and bind the phosphate chain even in the open
conformation. R513 is located on the surface of the N-domain and it takes part in the
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nucleotide binding in the simulations where the nucleotide leaves the above defined binding
sites.

The residues of the above mentioned nucleotide binding sites also take part in ADP binding in
the available crystal structures [24], [25] . Our simulation results are also in good agreement
with the fact that the N- and P-domain sequences 376DKTGTLT (site P1), 508KGAPE (site
N1), 615MVTGD (site P2) and 712VAVTGDGVNDS (site P3) are conserved among the P-
type ATPases [223].

3.3.2. The Nucleotide Binding Conformations

Apart from the position of the nucleotide on NKA, we also studied the different
conformations of the nucleotide itself. To describe them, we defined two dihedral angles. The
angle describing the conformation of ribose (because compounds with immobile ribose have
been shown to be NKA inhibitors [224]) as the ribose carbons dihedral angle C1°-C2’-C3’-
C4’ and the dihedral angle between ribose and adenine as O4’-C1°-N9-C4 (Figure 21). The
C1’-C2’-C3’-C4’ angle larger than 180° corresponds to the C2’-endo conformation while the
angle smaller than 180° corresponds to the C3’-endo conformation of the ribose.

N9 c4

frans

Figure 21: The circle of possible angles and depiction of the the dihedral angle between the
ribose carbons and between the ribose and the adenine. The positive values are in the
clockwise direction viewed from the first bond, letters correspond to the sp, synperiplanar; sc,

synclinal, ap, antiperiplanar; ac, anticlinal positions respectively.

The prevalent ribose conformation is the C2’-endo; the C3’-endo is present only in three
simulations. The ribose angles in the C2’-endo conformation are spread around 330° in the

closed conformations and at 340° in the open ones. In the simulations with bound ADP, the

66



angle spread is narrower than in the ATP-bound ones — at about 325°.

angles are at about 35° in the C3’-endo conformation (Figure 22A).
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Figure 22: The area where most of the dihedral angle values are located for ribose (A) - light
blue depicts the angle range where most of the values lie in all the simulations, and dark blue
depicts the most frequent angle range for the simulations with bound ADP. B and C show the
angle between ribose and adenine, with the pink area depicting the angle range where most of
the values lie in all the simulation. In B) the purple highlighted area shows the angle range
for simulations with MgATP and deprotonated CBS, while crimson shows the angle range for
simulations with MgATP and protonated CBS in open and closed conformations. In C) the
violet highlighted area shows the ribose-adenine dihedral angle range for simulations with

KCI in the bulk solutions for simulations with bound ATP or ADP+Pi, respectively.

There are two main positions of the adenine moiety — corresponding to about 50+20° (+sc),
and about 250+35° (-ac) (light pink in Figure 22B and C). There are distinct trends in
between angles in two groups of simulations. In the simulations with bound MgATP in the
cytoplasmic domain region, the protonation of the CBS residues plays a role in the nucleotide
conformation. In the simulations with deprotonated CBS residues, the angles are spread
around 55°+10° (+sc conformation). When the CBS residues are protonated, the adenine
position flips to the —ac conformation (240°) for the ATP in the simulations with the open
conformation of the protein and to 270° in the case of the protein in the closed conformation
(Figure 22B). In the simulations with KCI in the bulk solution, there are also two distinct
substates of the nucleotide angles — at 50° for the ATP-bound simulations and at 240° for the
ADP-bound ones (Figure 22C).

Collectively, the angles between different parts of the nucleotides show that there are several
possible conformations of the nucleotide in the binding pocket on the protein, documenting
the flexibility of the nucleotide necessary for NKA substrates [224]. Interestingly, the ions in
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the bulk solution also influence the nucleotide binding, suggesting a possible feedback loop
for NKA regulation.

3.4. Molecular Docking of Potentially Therapeutic Compounds

3.4.1. Flavonolignans

A series of flavonolignans was obtained in the collaboration with laboratory of V.Kien from
the Institute of Microbiology of the Czech Academy of Sciences. Based on the results of the
initial screening of the effect of the compounds on NKA activity, silychristin (SCH),
dehydrosilychristin (DHSCH), and dehydrosilydianin (DHSD) were selected for molecular
docking (Figure 23). As docking targets, the NKA crystal structures 3KDP (open

conformation, [84]) and 4HQJ (closed conformation, [25]) were selected.

Figure 23: The structures of flavonolignans used in molecular docking. The carbons of
silychristin (A) are in yellow, dehydrosilychristin (B) in cyan and dehydrosilydianin (C) in

magenta, oxygens in red, hydrogens in white. The arrow denotes the dehydrated bond.

The flavonolignans bind to the pump in five different positions (Figure 24) — three at the
entrances to different pathways and two at the cytoplasmic domains. However, the sites partly
differ between the NKA conformations and their binding also depends on the conformer of

the flavonolignans, differing by the rotation of bonds between their aromatic cycles.

There are four sites on each conformation of the protein. The C-terminal and extracellular
positions, corresponding to the entrance of the C-terminal and extracellular pathways, are
present on both open and closed conformation. Both conformations also exhibited
flavonolignans binding at the phosphorylation site (P-site), albeit in different positions. The
pose specific for the open conformation is under the A-domain, near N353 (porcine

numbering), while the closed-conformation specific one is near R248.
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The binding sites have all similar binding affinities for studied flavonolignans. However,
different flavonolignans bind to different binding sites. On the open conformation, only
dehydrosilychristin and dehydrosilydianin bind to the C-terminal site. All conformers of
silychristin bind the most frequently at the phosphorylation site, while DHSCH and DHSD
are spread across the other binding sites and only one conformer each binds most frequently
to the P-site. Two conformers of DHSCH and one of DHSD bind preferentially near N353.

Only one conformer of DHSD binds the most frequently to the extracellular site.

Figure 24: The open (left) and closed (right) conformations of NKA with the binding sites for
flavonolignans. Silychristin is in yellow, dehydrosilychristin in cyan and dehydrosilydianin in
magenta. Beta subunit is in light green, the FXYD protein light orange, A-domain blue, N-

domain red and P-domain green [217].
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On the closed conformation, all flavonolignans bind in the vicinity of phosphorylation site,
and in the proximity of R248. All flavonolignans also to a degree bind to the extracellular site,
but only SCH and DHSCH bind to the C-terminal site. One DHSCH conformer binds the
most frequently to the extracellular binding site, while other DHSCH conformers and all SCH

and DHSD conformers prefer the P-site.

Given that all compounds bind frequently to the cytoplasmic domains, this area was further
analysed (Figure 25).

Figure 25: The open (left) and closed (right) conformations of the cytoplasmic domains (A-
domain Dblue, N-domain red and P-domain green). Silychristin is in yellow,
dehydrosilychristin in cyan and dehydrosilydianin in magenta [217].

In the open conformation, the compounds bind either between the A- and P-domains, or, more
frequently, in the groove between P- and N-domains. In the closed conformation, this groove
is not present due to the movement of the domains and the compounds bind in the pocket

between domains in different orientations.

Flavonolignan binding at the pathway exits can hinder the ion movement through the
pathways or interfere with the opening and closing of these pathways. On the other hand,
binding in the cytoplasmic domain region, such as in the P-N groove, can obstruct the domain

movement and lead to allosteric inhibition.

3.4.2. Quinolinones

In contrast to flavonolignans, the protein targets for quinolinones were human-sequence
homology models of NKA in the open and closed conformation. The main focus was aimed
on 5,6,7,8-tetrafluor-3-hydroxy-2- phenylquinolin-4(1H)-one (TFHPQ), which exhibited the
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biggest NKA activity change in experimental measurements, while the other compounds were
6,7-difluor-3-hydroxy-2- phenylquinolin-4(1H)-one  (DFHPQ), 5,6-dichlor-3-hydroxy-2-
phenylquinolin-4(1H)-one  (DCHPQ), 6-chlor-3-hydroxy-2-  phenylquinolin-4(1H)-one
(6CHPQ) and 8-chlor-3-hydroxy-2- phenylquinolin-4(1H)-one (8CHPQ), see Figure 26.

A B C

Figure 26: The quinolinones used for docking - 6CHPQ (A), 8CHPQ (B), DCHPQ (C),
DFHPQ (D) and TFHPQ (E). The carbon atoms are in grey, oxygen in red, nitrogen in blue,

chlorine in green, fluorine in yellow and hydrogen in white.

Molecular docking of quinolines was performed to both open and closed conformations of
NKA. However, the binding sites on the closed structure are scattered across the whole
structure, with lower binding affinities than for the open structure. The most frequently
occupied binding site on the protein in the closed conformation is in the transmembrane part,
in the vicinity of Y970, W988 of o subunit and F33 of the FXYD protein (Figure 27). The
binding affinities of different poses in this binding site are -8.7 to -7.6 kcal/mol for TFHPQ
and -8.0 to -6.6 kcal/mol for other compounds. In the NKA crystal structures, a cholesterol
molecule is located in this binding site. It is, however, not accessible from the bulk solution in

the native environment, therefore we focused further studies on the open conformation.
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Figure 27: The most frequent TFHPQ binding site on the closed structure (left) and a
cholesterol molecule bound in the 4HQJ crystal structure (right). TFHPQ is in purple,

cholesterol in yellow, a subunit in green and the FXYD protein in pink.

On the open conformation, TFHPQ binds exclusively to the C-terminal area of NKA, in the
vicinity of Y1022 of o subunit and W12 of  subunit (Figure 28). The binding affinity of this
site is -10.4 to -8.9 kcal/mol for TFHPQ and with affinities -10.0 to -7.6 kcal/mol for other
compounds. In contrast to TFHPQ, the other compounds bind not only to the C-terminal site,

but also in different positions on the protein.
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Figure 28: The binding site of TFHPQ on the open structure of NKA. TFHPQ is in purple,a
subunit in green, § subunit in cyan, the FXYD protein in pink [225].

When compared to the other quinolinones studied by molecular docking, TFHPQ binds with
higher affinity on both open and closed conformation of NKA. Moreover, on the open
conformation, it binds exclusively to the C-terminal area, while the other compounds also
occupy other sites on the protein. Therefore, the higher inhibitory effect of TFHPQ over the
other compounds seems to be a combination of higher affinity and higher specificity to the
binding site.
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4. Conclusions

Na'/K*-ATPase is a membrane protein essential for its role in maintaining cell homeostasis
and ion clearance. Its malfunction can lead to hyperkalaemia, hypertension or several
disorders of the neural and muscular system. Recently available crystal structure of NKA in
two different conformations can be a starting point for examining the structure — function

relationship of the protein on a molecular level.

Computational biology serves as a powerful tool to corroborate and explain experimental
findings by creating a model of a selected protein in a selected environment. Molecular
dynamic simulates biomolecule movements with atomic resolution on the nanosecond
timescale, while molecular docking describes the binding of small molecules to a selected

protein target.

In two studies, we examined NKA using molecular dynamics — the transmembrane part, with
focus on ion movements and the cytoplasmic part with respect to nucleotide binding. In the
transmembrane part, we revealed that water molecules and ions from the solution can move to
the cation binding site through five different pathways, two of which had not been described
before. Amino acids lining these pathways had been previously connected to diseases- or
protein activity affecting mutations. The nucleotide binding to the cytoplasmic domain is a
dynamic process with several possible substates of the binding pocket. Interestingly, the
nucleotide binding is also influenced by the protonation of CBS residues and ions present in

the bulk solution, suggesting a possible feedback loop for protein activity.

Using molecular docking, we studied two groups of potentially pharmacological compounds
— flavonolignans and quinolinones. Flavonolignans can bind to the transmembrane part of the
protein, obstructing the entry to the C-terminal and extracellular ion pathways and
consequently hampering the protein function. In addition to that, they bound with great
frequency on the cytoplasmic domains. Due to significant structural rearrangements of these
domains during the reaction cycle, flavonolignan binding here can obstruct the proper domain
movement and inhibit the protein allosterically. Quinolinones bind with the greatest frequency
at the entrance to the C-terminal pathway. Experimentally the most active quinolinone,
TFHPQ, binds with higher specificity and affinity than the other quinolinones. Therefore it
can inhibit NKA more efficiently than the other compounds.

74



The findings of ion pathways and the nucleotide binding dynamics suggests that the NKA
reaction cycle is on the molecular level more complex than what can be efficiently described
by the currently used E1-E2 state notation. They also indicate a complex long-distance
communication system between the transmembrane cation binding site and the cytoplasmic
domains. Molecular docking helped to describe two groups of active compounds that have
different mechanism of effect from currently medically used cardiotonic steroids, and can

therefore serve as potential new drugs affecting the Na'/K*-ATPase.
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Appendix A — Post Albers diagrams
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The different versions of the Post-Albers diagram. The colours depict the diagram as used by
by Post [95] (purple, 1972), Vasilets [104] (dark blue, 1993), Rose [5] (light blue, 1994),
Wagg [105] (cyan, 1995), The lines go inside of the rectangle in cases where the states go
through all depicted step and outside when skipping a step.
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The different versions of the Post-Albers diagram. The colours depict the diagram as used by
by Kaplan [8] (light green, 2002), Jorgensen [17] (forest green, 2003 ), Martin [14] (dark
green, 2005), Dempski [72] (yellow-green, 2006). The lines go inside of the rectangle in cases

where the states go through all depicted step and outside when skipping a step.
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The different versions of the Post-Albers diagram. The colours depict the diagram as used by
by Morth [84] (green-yellow, 2007), Schack [106] (yellow, 2008), Grycovad [100] (orange,
2009), Gadsby [107] (light orange, 2009). The lines go inside of the rectangle in cases where

the states go through all depicted step and outside when skipping a step.
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by Bublitz [11] (orange-red, 2010), Vedovato [108] (salmon, 2010), Toyoshima [15] (red,
2010), Grichanin [109] (pink, 2010). The lines go inside of the rectangle in cases where the

states go through all depicted step and outside when skipping a step.
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rectangle in cases where the states go through all depicted step and outside when skipping a
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ABSTRACT: Na*/K'-ATPase (NKA) is an essential cation pump protein
responsible for the maintenance of the sodium and potassium gradients across
the plasma membrane. Recently published high-resolution structures revealed
amino acids forming the cation binding sites (CBS) in the transmembrane
domain and variable position of the domains in the cytoplasmic headpiece. Here
we report molecular dynamic simulations of the human NKA alfl isoform
embedded into DOPC bilayer. We have analyzed the NKA conformational
changes in the presence of Na'- or K'-cations in the CBS, for various
combinations of the cytoplasmic ligands, and the two major enzyme
conformations in the 100 ns runs (more than 2.5 us of simulations in total).

N-terminal " C-terminal
—

o

fie-
iy
Extracellular

We identified two novel cytoplasmic pathways along the pairs of transmembrane

helices TM3/TM7 or TM6/TM9 that allow hydration of the CBS or transport of cations from/to the bulk. These findings can
provide a structural explanation for previous mutagenesis studies, where mutation of residues that are distal from the CBS
resulted in the alteration of the enzyme affinity to the transported cations or change in the enzyme activity.

B INTRODUCTION

Sodium—potassium pump (Na'/K*-ATPase, NKA) is an
essential membrane protein important for the maintenance of
sodium homeostasis and plasma membrane potential. It is
present in all animal cells. During one catalytic cycle, NKA
pumps 3 Na' ions and 2 K ions in opposite directions across
the plasma membrane in the presence of ATP and magnesium.
The resulting Na* gradient is also essential for the function of
numerous secondary active transporters. Therefore, NKA is
one of the most important enzymes in the animal metabolism
(it accounts for nearly one-third of whole body ATP
consumption”) and its inhibition or malfunction is related to
severe diseases.””

NKA belongs to the superfamily of cation translocating P-
type ATPases (subgroup 2C). Their main catalytic a-subunit is
characterized by 10 transmembrane (TM) helices, and three
cytoplasmic domains denoted as A (actuator), N (nucleotide-
binding) and P (phosphorylation).” The subgroup 2C pumps
(NKA and H*/K*-ATPase) have also the f-subunit, with a
single TM helix and a large domain on the extracellular side.
Despite the general agreement that the (a+f)-complex is the
minimal functional unit, the membrane-purified proteins
frequently contain also a small (6—8 kDa) tissue-specific
protein from the FXYD family (sometimes denoted as a y-
subunit), that serves probably as a pump regulator.’

The catalytic cycle has been schematically described by the
Post-Albers cycle that has been proposed already during 1960—
70s, and later refined.”® It postulates that the enzyme adopts
two major conformations, denoted as E1 and E2. In El, the
cation-binding sites (CBS) are accessible from the cytoplasm,

-4 ACS Publications  © Xxxx American Chemical Society

and NKA has high affinity to sodium and ATP. In E2, the CBS
are open toward extracellular space, and NKA has high affinity
to potassium, low affinity to ATP, and it is this form that is
transiently autophosphorylated on the conserved aspartate
residue after ATP hydrolysis. The Mg*" cation is required as a
cofactor for an efficient ATP hydrolysis. Its role has been
studied relatively little, and although some authors assume that
it is bound to the enzyme together with nucleotide as a MgATP
complex, recent experiments revealed the it has good structural
sense to consider the Mg**- and ATP-binding as two distinct
events.”'’

In the past decade, X-ray crystallography provided
information about the enzyme high-resolution structure.
Because of difficulties in obtaining NKA in sufficient purity
and amounts for crystallization experiments, only a few crystal
structures in different points of the reaction cycle are available.
Moreover, the crystals are obtained in the presence of non-
natural ligands or inhibitors as listed in Table 1.

The main difference between the enzyme conformations in
crystals is the position of the intracellular domains, which can
be characterized as open or closed (Figure 1). In the open
conformation, the A and N domains stand away from each
other, with a visible gap between them. In the closed
conformation, the domains rotate and move to each other,
creating a more compact assembly. A different position of A
domain in the open conformation leads to unwinding of the
transmembrane helix 2 (TM2) at its intracellular end. The CBS
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Table 1. Available High-Resolution Structures of NKA

ions in

PDB code CBS“ other ligandsb

27ZXE 2 K* Mg*, MgF,*~, CHOL, NAG, NDG

3A3Y 2 K Mg**, MgF,*~, CHOL, ouabain, NAG

3BSE 2 Rb* Mg*, MgF,*", PC

3KDP 2 Rb* Mg*, MgF,*~, CHOL,

3N23 Mg, ouabain

4HYT 1 Mg* Mg*, ouabain, CHOL, DOPS, C,E;, DTFA,
FFDG

4RES 2 K Mg*, bufalin, CHOL, DOPS, NAG, sucrose

3N2F 2 K

4RET 1 Mg* Mg*, digoxin, CHOL, DOPS, NAG, sucrose

4HQJ 3 Na* Mg*, AlF,~, ADP, CHOL

3WGU 3 Na* 2Mg*, AIF,~, ADP, CHOL, PC, NAG

3WGV 3 Na* 2Mg™, AlF,, ADP oligomycin A, CHOL, PC,
NAG

SAVQ-SAW9 K'/Rb*/TI' Mg*, MgF,>", NAG

4XES Mg™ Mg, ouabain, CHOL

position of cytoplasmic assigned
domains state” notes ref
open E2-Pi 11
open E2-Pi 12
open E2-Pi missing # subunit 13
open E2-Pi 13
open E2P 14
open E2P 15
open E2P 16
open E2P 14
open E2P 16
closed E1-Pi-ADP 17
closed E1-Pi-ADP 18
closed E1-Pi-ADP 18
open E2-Pi ion exchange snapshots 19
open E2P 20

“Rb* and TI" are K'-analogs. ngF42_ and AIF,” are phosphate analogues; ouabain, bufalin, digoxin, and oligomycin A are NKA inhibitors;
cholesterol (CHOL), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPC) and 3-sn-phosphatidylcholine (PC) are the membrane lipids; N-acetyl-p-
glucosamine (NAG), 2-(acetylamino)-2-deoxy-a-p-glucopyranose (NDG), o-dodecanyl octaethylene glycol (Ci,Eg), 1-O-decanoyl-f-p-
tagatofuranosyl f-p-allopyranoside (DTFA), -p-fructofuranosyl 6-O-decanoyl-a-p-glucopyranoside (FFDG) and sucrose are compounds of the
crystallization buffers. “E2P denotes the phosphorylated enzyme, while E2-Pi and E1-Pi denote the enzyme with noncovalently bound phosphate.

are located in the transmembrane region between TM4, TMS,
TM6, and TMS. The CBS for both K* ions and two of the Na*
ions contain similar amino acids in binding site I (A330, E786,
T779, $782, D811, D815, human a1 NKA subunit numbering)
and binding site II (V329, V332, P333, E334, L808, D811),
whereas the third Na® ion is bound in the binding site III
(T781, Y778, Q930, D933).“’17 The bound potassium ions in
the open structures require more space, so helices TMS and
TM6 unwind to allow that. Sodium ions in the closed crystal
structure are smaller and therefore both TMS and TM6 are
unperturbed in the whole length of the helix.

The precise mechanism of cations passage through the
enzyme is still a matter of ongoing debates; also the interplay
between ligand with binding sites on cytoplasmic domains and
CBS has been little explored. In this study, we examined these
problems using molecular dynamics (MD) simulations with
membrane-embedded NKA (Figure 2). On the basis of the
crystal structures, a set of simulations with different
combinations of (a) ions in the CBS, (b) protonation state
of carboxyls in the CBS, (c) in the presence or absence of
magnesium in its intracellular binding site, (d) in the presence
or absence of ATP or phosphate, and (e) open or closed
conformation of the intracellular head domains of the a-
subunit, was created to mimic the protein in different parts of
the reaction cycle. We focused on monitoring the cation
movements through the enzyme, and analyzed the influence of
cytoplasmic ligands on the opening and closing of the pathways
to CBS.

B METHODS

The crystal structures 2ZXE (open)'' and 4HQJ (closed)'’
were used as a template for homology modeling to obtain the
sequence of human «,,FXYD2 isomer (UniProt IDs P05023,
P05026, and PS54710, respectively) using MODELLER 9.9
package.”’ The protein was then inserted into a dioleoylphos-
phatidylcholine (DOPC) bilayer in a fully hydrated 15 X 15 X
18 nm box with NaCl solution to mimic physiological
conditions in water (154 mmol/L), see Figure 2. MD

simulations were performed using GROMACS 4.5.4,”* with
Berger parameters for phospholipids™® and Gromos $3a6 for
protein, ions and ATP.”* Phosphate anion (Pi) was para-
metrized as described in ref.”> Periodic boundary conditions
were applied in all directions. The protein was inserted into the
membrane using the g membed program.”® No restraint
influencing the bilayer was used. The individual simulations
are denoted by the acronym describing the “conformation of
cytoplasmic domains_cations in CBS_cytoplasmic ligands”,
eg, C_2K Pi or O_3Na_MgATP, where letters C and O
stand for the closed or open conformation, respectively (see the
complete list of acronyms in Supporting Information). The
ATP molecule in the open simulations was placed near F482 as
argued in ref 27. By default, all the carboxyl groups were kept
deprotonated. However, it was suggested recently, that
protonation state of amino acids forming the CBS can vary
during the catalytic cycle.”®”” In order to see, whether this
factor can change outcomes of our simulations, we repeated all
simulations with protonated E334, E386 and E961 in CBS, as
suggested in refs.””’' These simulations are denoted by the
prefix “h” (e.g, hC_2K Pi).

The 100 ns-long simulation run was preceded by a 10 ns-
long relaxation with position restrains applied to the protein.
The integration step was 2 fs. The thermal coupling was
performed by V-rescaled thermostat set to 310 K separately for
the protein and the rest of the system.”” The pressure coupling
to 1 bar was performed using anisotropic Berendsen barostat™
for the prerun and Parrinello—Rahman barostat™* for the main
run.

The results were processed using GROMACS built-in and
homemade scripts; tunnel analysis was performed by the
MOLE 2.0 software® and by visual observation of water
movements through the protein. Only amino acids in the
vicinity of water molecules in at least two simulations were
taken into consideration for the tunnel description with notable
exception of the extracellular pathway. VMD® and PyMol®’
programs were used for visualization.
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Figure 1. Comparison of the transmembrane regions of the open (left, with bound potassium) and closed (right, with bound sodium)
conformations. Residues close to the ions (within 5 A) are shown in stick. The images are human sequence homology models based on crystal
structures 2ZXE for the open structure and 4HQJ for the closed one. The A domain (cyan) consists of residues 1 to 80 and 157 to 276, the N
domain (magenta) consists of residues 383 to 595 and the P domain (yellow) consists of residues 356 to 383 and 595 to 750. The /3 subunit and the
FXYD protein are in light gray. Regions of the biggest differences in helix structure are highlighted in red. Black lines denote residue distances
analyzed in Figure 3. Lower panels show CBS from the intercellular side of the protein, with residues involved in Na* and K* binding (blue and
purple, respectively); currently nonbinding residues are in black or red, depending on their position. Roman numbers denote binding sites.

B RESULTS AND DISCUSSION

Molecular modeling has become a versatile tool in protein
structural biology that complements the traditional exper-
imental methods in vitro. It allows visualization of all atoms in
large molecules, and in the case of NKA, it was previously used
to predict the enzyme structure,”® the cation-binding sites,” or
to analyze the conformational changes induced by cytoplasmic
ligand binding.” Recent publication of the experimentally
determined high-resolution structures provides a good back-
ground for the use of more advanced computational methods,
like molecular dynamics (MD) simulations. MD simulation
displays not only the static picture, but allows observation of
dynamic events during the enzyme work, thus in some respect,
surpassing the possibilities of currently available high-resolution
experimental methods. Moreover, it can more closely mimic the

physiological conditions (compared, for example, to the crystal-
growth conditions) and avoid the use of inhibitors, which fix
the enzyme structure in a nonfunctional state. It has been
recently used to evaluate protonation state of charged amino
acids in CBS,” to analyze the effect of mutations occurring in
hereditary diseases*’ or binding of cation analogs.'

However, the computational demands for simulation of
multisubunit membrane enzymes are still enormous (e.g,, data
presented here represent approximately two-years work), and
observation of the whole catalytic cycle for NKA (~10 ms) is
far beyond the currently available time-scales. Therefore, we
have analyzed a set of partial reactions that are expected during
the catalytic cycle.

Model Stability. All simulations relaxed from the crystal
structures during the first 20 ns and reached a stable state
(RMSD < S A from the final frame) after SO ns. During the
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Figure 2. Simulation setup. The protein is in green (a subunit), cyan
(f subunit), and magenta (the FXYD protein), a magnesium atom in
yellow, sodium atoms in blue, chlorine in red.

simulation, the cytoplasmic domains are more mobile in the
open structures than in the closed ones, and they move to one
another and often make closing contact, even though none of
the simulations reach a “properly closed” conformation
resembling the closed crystal structures. The enzyme structure
in closed conformation is relatively stable in all simulations.
The difference between the open and closed structures can
be described by three main characteristics (Figure 3). The
distance between residues FS555 and M61S, which roughly
represent the centers of mass of N- and P-domains,
respectively, is significantly shorter in all simulations with the
closed conformation compared to the simulations with open
conformation, except for simulation C_2K_Mg, where the N—
P distance at the end of the simulation is more similar to the
values estimated in simulations with the enzyme in the open
conformation. In turn, the A—P distance of M615 to L1203
(representing the center of mass of A-domain) is shorter in the
open conformation. Here, the A—P distance for the enzyme in
the open conformation approached the values for closed
conformation only in simulations hO_2K_ATP, hO_3N-
a_ATP, and O_3Na_ATP. The A—P distance is closely related
to the most apparent difference in the cytoplasmic headpiece,
which is the rotation of the whole A-domain. This huge
movement probably occurs on the time-scale that is beyond our
simulation time, and therefore, we could not observe the
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Figure 3. Approximate distances between the centers of the domains (measured as distance between the a carbon atoms of L203 in A domain, FS5S
in the N domain, and M61S in the P domain) in the last 10 ns of the simulation or in the first frame of the structures corresponding to closed and
open crystal structures respectively (denoted by X). The distances between E223 and RS51 or G196 and D740 illustrate the relative rotation of the A
domain. Open symbols represent data from simulations with deprotonated CBS, solid symbols represent simulations with protonated CBS.
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complete E1 < E2 transition in any of our simulation setups. It
should be noted that protonation of residues in CBS had large
effect on distance E223—RS551 in most of the simulations, while
the distance G196-D940 was sensitive only a little.

Another apparent difference in the crystal structures is the
larger distance between the A- and N-domains in the open
conformation. However, it was the most fluctuating parameter
in our simulations and numerous simulations with the open
conformation finished with the A—N distance smaller than was
the one estimated from the crystals with closed conformation.
Again, the A—N distance was very sensitive to the protonation
state of CBS, particularly, in the open conformation. It is
possible that the long A—N distance in the crystals with open
conformation reflects some transient position or it is an artifact
due to intermolecular contacts in the head to head oriented

molecules in the crystal (Figure 4).

Figure 4. Contacts between cytoplasmic domains in the 2ZXE crystal
structure and its symmetry mates. Light blue, magenta, and yellow
highlight A, N, and P domains, respectively.

The nature of cations in CBS has also influence on the
position of cytoplasmic domains. The most apparent difference
between binding of sodium or potassium to CBS was observed
for the open conformation in the presence of MgATP, and we
could detect significant differences in A—N and N—P distances,
as well as in the A-domain rotation. The same holds true to
lesser extent also for the enzyme with only ATP bound in both
open and closed conformations.

TMS is a helix in close proximity of both P domain and CBS
and, therefore, it can play a role in transferring the ligand-
induced conformation changes across the protein. In the
transmembrane region, TMS stays regular (Figure 5, state A) in
the simulation with the closed conformation, but it unwinds to

some degree between L780 and P78S in the open conformation
(state B). The unwinding is more pronounced in the potassium
bound structures than in the sodium bound ones, with the
exceptions of O_2K and O_2K_Mg_Pi. Notably, state B has
not been observed in any of the simulations with protonated
CBS. An unwinding at the cytoplasmic side of TMS (between
T760 and 1768, state C) was observed in simulations with
bound potassium and ATP in the closed conformation, with
both deprotonated and protonated CBS (C_2K ATP and
hC_2K ATP) as well as in hC 3Na Mg. In two of the
simulation in the open conformation, namely O_2K_ATP and
hO_3Na_MgATP, the helix unwinds in both the mentioned
segments (state D). The TMS state is reflected in the positions
of cytoplasmic domains (Figure S). We can observe that if the
TMS is in state B or D, then the A-P distance and E223-R551
distance (which is used for the characterization of the A-
domain rotation) are shorter, and distances N—P and G196-
D740 (A-domain rotation) are longer compared to the state C.
For the A-N distance, as well as the structures with TMS in the
state A, we can see no clear correlation.

Cation Binding Sites. In addition to the ions that freely
move in the bulk solution, there are few ions that were bound
to the protein already at the beginning of the simulation. The
magnesium ion present in some simulations always stays in the
vicinity of D376 for the whole simulation time (100 ns).

The ions that are in the CBS at the beginning of the
simulation do not leave, although they move in the cavity
delimited by the amino acid residues, which contains up to 19
additional water molecules in various simulations. Apart from
the amino acids already identified in the crystal structures
(A330, E786, T779, S782, D815 as binding site I, V329, V332,
P333, E334, L808, D811 as binding site II and T781, S782,
Y778, Q930, D933 as binding site III), some other amino acids
take part in formation of the cavity. The most prominent ones
are N331 (mostly in the closed conformation, in 15 out of 28
simulations) and N783 (mostly in the open conformation of
the deprotonated simulations, evenly distributed in the
protonated ones, in 7 out of 14 simulations without
protonation and in all of the protonated ones) and 1810, the
backbone of which takes part in jon binding in 17 out of 28,
evenly distributed in the deprotonated simulations, mostly in
open protonated simulations. The transmembrane helix TM6
“breaks” at the CBS in the closed conformation (to extent
depending on the bound ions) and completely unwinds in §
out of 8 of the deprotonated open structures (the exceptions
being both of the simulations with ATP and no magnesium and
the simulation with bound magnesium and phosphate). TMS
stays unwound at the CBS in the deprotonated open structures
and regular in the closed and protonated ones.

The crystals contain either 2 K" ions in the CBS for enzyme
in open conformation or 3 Na' jons in the closed
conformation. We tried to reverse the cations in CBS to see
whether this change can influence the enzyme structure. It
should be noted that in the simulations in the closed
conformation, where 3 Na® were replaced only by 2 K,
another sodium ion entered the CBS from the cytoplasmic
bulk. It was not bound to the Site III, instead, it adopted
another position in the proximity of Sites I and II, thus,
influencing the positions of the two potassium cations (Figure
6). In C_2K Mg ATP, a cytoplasmic sodium ion moves
briefly between the potassium ions in CBS (at D811), but then
it spends the rest of the simulation on the other side of the
TM6 chain at the backbone part of L812, G813, and T814. In
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Figure S. Upper left panel depicts the state of the TMS helix in the last frame of the respective simulation: (A) regular helix (C_3Na_ATP), (B)
helix unwound at the CBS (O_3Na_ATP), (C) helix unwound at the intracellular side (C_2K_ATP), and (D) helix unwound at both sites
(O_2K_ATP). Unwinding regions are highlighted in a brighter red. The other panels describe attribution of the TMS helix states to the state of
cytoplasmic domains (cf. Figure 3). Open symbols represent data from simulations with deprotonated CBS, solid symbols represent simulations with

protonated CBS.

C_2K_ATP, however, the sodium ion stays inside CBS, where
it replaces one of the potassium atoms in its position between
D811, D815, and E334 in binding site II, which causes the
potassium ions to move to binding sites I and III between
Y778, T814, and Q930. Interestingly, a similar movement of
potassium cation to the binding site III happens also in
hC_2K Mg ATP and hC_2K ATP, even though no bulk
sodium ion enters the CBS in these cases. In the simulation
with only Mg’ (C_2K_ Mg), the sodium ion enters CBS
through the N-terminal pathway and positions itself between
D811, N331, E786 and the backbone of A330, which causes a

potassium to move from this position to the other side of E786,
T814, S782, Q930 and the backbone of D811.

In the only open simulation, where a sodium ion moves from
the bulk into the CBS, O 2K Mg, the ion comes through the
TM3/TM7 channel (described in the next section) into the site
IT and then stays in a water pocket between E334, G335, N783
and E786.

Pathways. We have identified five pathways that allow
water molecules or ions from the bulk solution to enter the
CBS during the simulation run. In all of the simulations with
the deprotonated CBS, there was at least one open pathway for
some time, even though it might have closed later. The
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A

Figure 6. Position of the ions on the reaction site in the last frame of the respective simulation. C_2K_Mg_ATP (A), C_2K_ATP (B), C 2K Mg
(C), and O_2K_Mg (D). The protein is in light blue (& subunit) and yellow (# subunit), sodium atoms in blue, potassium ions in purple, water

molecules are not shown.

pathways can be classified according to the intensity of
transport (Table 2). In four cases, we observed the sodium
ion from the bulk to enter CBS, and in another four cases, the
channels were widely open for water molecules, but no cation
movement was observed through the given pathway during the
simulation time. In some cases, we observed narrow wires of
water molecules connecting the bulk and CBS that allow
hydration or protonation of the CBS, but that are unlikely to let
the cations through. The protein is a very dynamic system, and
frequently, we observed that some pathway was open either
only at the beginning of the simulation or only on its end, in
four cases, we observed repeated opening and closing of some
pathway during the simulation time. In some cases, the pathway
was blocked to such extent that it allowed passage of only less
than five water molecules during the simulation time.

Three of the observed pathways have been mentioned
previously in literature: the extracellular pathway,** N-
terminal pathway'® and C-terminal pathway.”*** During our
simulations, we observed another two pathways along the pairs
of transmembrane helices TM3/TM7 or TM6/TM9. In the
next section, we will discuss them according to their occurrence
during simulations.

The TM3/TM?7 pathway is the most frequent one, present in
16 out of the 28 simulations. It lies between TM3 (H290, F291,
1294, 1295, V298) and TM7 (N783, E786, 1787, V84S, E847,
1850, S851, Y854, G8SS) with a small contribution of TM4
(A330, N331, P333) and the f§ subunit (K21, E24, F27, R28,
W32). It often serves as a way for water molecules to perform
the initial hydration of CBS and then closes during the

simulation. Only in C_2K_Mg ATP, the TM3/TM7 pathway
stays open during the whole simulation. Moreover, in
O_2K_Mg this pathway serves as an entry for a sodium cation
from the bulk solution to the cation binding site. After the
sodium cation reached the CBS in a water pocket between
E334, G335, N783 and E786, this pathway closes. Previous
experiments revealed that mutagenesis of H290 or F291
increased the enzyme affinity to potassium and decreased the
affinity to ATP*® and cells with H290A mutation do not
survive.* In turn, mutation E786A decreased affinity to both
sodium and potassium ions and increased the affinity to ATP.*
Residues H290 and F291 are located at the membrane level of
the TM3/TM?7 pathway, which is generally more open in the
simulation with the closed conformation of the protein than in
the ones with the open protein conformation (even more so in
the CBS protonated cases). Therefore, these residues can play a
role in closing the TM3/TM7 pathway during the con-
formation changes corresponding to the closed-to-open
transition.

The C-terminal pathway is the second most frequent one
(found in 13 out of 28 simulations), however, no ions move
through it in any of the simulations and only in one of them
(O_3Na_ATP) the pathway stays widely open the whole time.
This pathway connects to CBS at the binding site III, regardless
of the presence or absence of a sodium ion there, and then it
continues out between TMS (K774, A777, Y778, T781, N783),
TM6 (D815), TM7 (E847, M852, A853, Q856, 1857, Q861),
TM9 (Q930, W931, D933, V935, 1936, C937, K938, R940),
and TM10 (1998, Y1001, D1002, R1005, 11009, Y1022,
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Table 2. Simulated Ion or Water Pathways”

enzyme CBS ligand pathways
ATP/
O/C Na/K Mg/Pi intra. N-terminal TM3/TM7 TM6/TM9 intra. C-terminal extracellular
C 2K Mg, ATP  open for water open for water Na ion enters CBS
C 3Na Mg, ATP alternatively open and closes rapidly <SW opens during the
closed simulation

C 2K ATP narrow water channel alternatively open and closed Na ion enters CBS alternatively open and
closed

C 3Na ATP open for water closes rapidly <SW

C 2K Mg Na ion enters CBS closes during the simulation narrow water channel

C 3Na Mg open for water closes rapidly <SW <SW <SW

(¢} 2K Mg, ATP closes during the simulation alternatively open and <SW
closed

(¢} 3 Na Mg, ATP opens and then closes closes rapidly closes during the <SW
simulation

(¢} 2K ATP closes rapidly <SW

(¢} 3Na ATP closes rapidly open for water

(¢} 2K Mg Na ion enters CBS, and then  closes rapidly <SW

closes

(¢} 2K none closes during the simulation opens during the narrow water
simulation channel

o 2K Mg, Pi <SW <SW narrow water <SW

channel
(¢} 2K Pi closes during the simulation <SW

“Unless stated otherwise, the mentioned pathway stays open for the rest of the simulation. The pathways, where an ion from the bulk solution
moved to the proximity of the CBS, are highlighted in bold. Description “open for water” signifies pathways that are wide enough for water
molecules to move freely and that stay open during the whole simulation, “narrow water channel” denotes narrow wires of water molecules

”

connecting the bulk and CBS, symbol “ <SW” means that less than five water molecules passed through this pathway during the whole simulation.
Some pathways stay open only for the part of the simulation, either in the first half (“closes during simulation”), in the second half (“opens during
simulation”) or in the middle (“opens and then closes”), in few cases, we observed more than one opening and closing event during the simulation
(“alternatively open and closed”). The description “closes rapidly” denotes the pathways that are open on the beginning of the simulation, but close
during the relaxation within the first 10 ns of simulation, typically, after hydration of CBS.

Y1023). In most cases, this channel is narrow and allows water
molecules to move only in “one after another” fashion, or closes
during the simulation. Mutations of C937"” or N783* reduced
the enzyme activity to ca. 20%, in the latter case, also a reduced
affinity to sodium was observed. It was proposed previously
that this pathway takes part in the CBS protonation.*®

The N-terminal pathway is situated between TMI1 (R94,
Q9s, G99, F100, S101, L104), TM2 (V39, T143, S147, Q150,
E151), TM3 (A285, E289), TM4 (V332, E334, L337, V340,
T341) with contribution of TM6 (M816) and it is open in
most simulations with the closed conformation (11 out of 28 in
total). An ion from the bulk solution moves through this
pathway into the binding site II in C_2K_Mg. This channel is
narrowly open in only two of the simulations with the enzyme
in the open conformation. All the residues of TM1 and L337 of
TM4 were previously subject to mutagenesis experiments.49’50
Only mutations L104A and L104F decreased the enzyme
activity to ~40%. Some mutations of the amino acids on TM1
and TM3" 7% decrease the sodium affinity when mutated
(R94, Q95, and G99), while others (F100, L104, or L337)
influence the potassium affinity and increase its deocclusion.
Mutations of Q95, F100, L104, or L337 also increased the
affinity to ATP. The sodium influencing amino acids are located
on the outer part of the N-terminal pathway, whereas the
residues influencing the potassium affinity (and occlusion) are
closer to the CBS.

The TM6/TM9 pathway is situated between TM6 (L812,
T814, D815, M816, V817, S821, Y824) and TM9 (L934, 1953,
F956, E960, E961) with contribution of TM2 (F146), TMS
(Y778) and the FXYD protein (R48, RS1). It is present only in

three of the simulations with the enzyme in the open
conformation, and in two of them it closes after the CBS
hydration. In two simulations with the enzyme in a closed
conformation, potassium and ATP or MgATP bound, a sodium
ion from the bulk solution passes through this channel to CBS
into the binding site I. It is also to a degree open in
hC 3Na_Mg and in hC_2K Mg ATP a sodium ion from the
bulk solution enters the pathway, which however does not open
all the way through and the ion stays within the membrane in
the vicinity of E960 and F956. Residues in this pathway escaped
an attention of experimentalists so far, and to our knowledge,
only E960 and E961 were analyzed in mutagenesis studies.’®
While mutations of E960 and E961 to alanine did not show a
great change in the affinities, mutations to lysine result in
nonviable cell lines,> showing the significance of charge of
these residues. The acid part of the residues is turned inward in
the case of E960 and outward in E961 (with respect to the
surface of the protein), so a charge switch would disrupt the
interaction of residues near the CBS III position in case of
E960, and in the case of E961, it would block the TM6/TM9
pathway for positively charged ions (and possibly water).
Additionally, position near E960 is a stable point for ions
moving through TM6/TM9 pathway. The ions tend to spend
some time in the vicinity of E960 while moving toward the
CBS.

The extracellular pathway is the only channel open to CBS
from the extracellular side of NKA. It is worth to notice that
this pathway can be blocked by ouabain.'”'® This pathway is
situated between TM2 (N129, Y131), TM6 (T804, T806, 1807,
L1808, C809), TMS8 (F916), and L9/10 (A977, R979); and it is
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Extracellular

Figure 7. Ion or water pathways depicted as spheres showing the largest radii of a given pathway calculated with MOLE 2.0 on a grid over aligned
NKA 10 snapshots from the last 10 ns of simulation (C_2K_Mg_ATP) parallel to the membrane (A) and from the cytoplasmic side (B).

present only in the O 2K simulation, which is quite
understandable as we have excess of sodium in our simulations,
hence NKA is open toward cytosolic side.

All the pathways are summarized in Figure 7.

Obviously, the protonation is strongly reflected in the close
proximity of CBS, in general, negatively influencing the
permeability of all pathways, except for the C-terminal one.
All the simulations with enzyme in the open structure ended in
the fully occluded state (except for the hO Na ATP, where
the C-terminal pathway stays open for water). The C-terminal
pathway is present in nearly all the closed or Na* bound
simulations with the exception of hC_2K Mg and hO_3N-
a_Mg ATP. The N- terminal and the TM3/TM?7 pathways are
those directly influenced by the protonation of selected
residues, given that E334 and E786 are at the end point of
these two pathways. TM3/TM?7 usually closes completely in
the protonated simulations, while the N-terminal pathway stays
open to a degree, but closes at the CBS of hC_3Na_ Mg ATP
and hC 2K Mg. In hC 2K Mg ATP, an ion from the bulk
solution moves toward the CBS, but the pathway does not
open all the way through and the ion stays within the
membrane in the vicinity of E960 and F956. The extracellular
pathway is closed in all the protonated simulations. We can
conclude that protonation state of CBS also influences the
conformation of the cytoplasmic headpiece. However, it should
be stressed that MD represents very coarse approximation with
respect to the issue of protonation. MD is based on the classical
Newtonian equations, and hence, it cannot adequately describe
the fast dynamic processes, such as proton dissociation or
Grotthus mechanism of proton transfer. Therefore, the
simulations should be interpreted rather cautiously.

Upon further analysis, amino acids lining all these pathways
are underrepresented between natural variant mutations of
NKA. We have compared these amino acid to those detected in
genome-wide association studies (GWAS) present in UNI-
PROT repository within new Protein Feature Viewer
application.”* There is 329 known SNPs associated with
ATP1A1 gene (dbSNP on Pubmed),” while NKA al subunit
has 1,023 amino acids, meaning that on average every third
amino acid shows natural variation in NKA a1 subunit. Among
amino acids lining individual pathways we detect only a handful
variants - K21E, R94Q, M816V, M859T, V935F in al subunit
and R48K and RSIH in FXYD2 protein, which are all
considered benign. The only damaging variants are T341M and
Y131C within N-terminal and extracellular pathways, respec-
tively. As can be seen, the majority of the amino acids lining

detected pathways are well conserved between human
individuals.

Cation Exchange. While there is a general agreement, that
the ion exchange Na,,—K;, accompanies the ATP-hydrolysis
reaction in the cytoplasm, it is not that clear, which cytoplasmic
event is related to the K,,—Na;, exchange. It could be
dephosphorylation, Mg*-, ATP-, or MgATP-binding, more-
over, the process may be accompanied by a change in CBS
protonation. One of our original goals was to see this event
(and it was the reason, why we performed the calculations for
so many setups), however, we failed to give a clear answer, and
there are several possibilities why. First, it is possible that this
would require a conformational change of the protein that is
beyond the time scale of our simulation. Alternatively, a
dynamic protonation and/or deprotonation of the CBS
residues might facilitate the change of ion affinity, leading to
the ions moving toward an exit pathway. However, it is a
serious limitation of classical MD that it is impossible to change
the protonation state during one simulation, whereas the
constant-pH MD is much more demanding. Also, it is possible
that potassium release requires consecutive sequence of two
events.

Another interesting observation is that in some of the
simulations, a sodium ion enters the CBS in the presence of
potassium. This sequence of events is incompatible with the
traditional model assuming one cytoplasmic and one
extracellular pathway, common for both sodium and potassium
cations (“I-model”, Figure 8). Existence of multiple cytoplasmic

ouT

Figure 8. Schematic depiction of the I-, Y-, and W-models.

pathways supports rather the “Y-model” with one pathway for
sodium entry and another pathway for potassium exit in the
cytoplasmic side, or even the “W-model” with multiple different
entry- and exit pathways on the cytoplasmic side.

B CONCLUSIONS

Using molecular dynamic simulations, we have analyzed
accessibility of the cation binding sites in NKA in the presence
of various cytoplasmic ligands and for the different enzyme
conformations, and we report more than 2.5 us of simulation
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time in total. It is evident that there is a mutual long-distance
communication between the ligands bound to the cytoplasmic
headpiece and the cation binding sites. We identified that local
unwinding of the long TMS helix plays an important role in this
communication; however, it is obvious that it is not the only
factor and that the intramolecular interactions are more
complex, and they are influenced also by the protonation of
cation binding sites. Since we have simulated NKA in the
solution with excess of sodium cations, we were able to observe
the flow of cations or water into the cation binding site. In
addition to the three previously described pathways, we have
identified two novel cytoplasmic pathways that allow hydration
of the cation binding sites or transport of cations from/to the
bulk. The amino acids lining these pathways mostly escaped
attention of experimentalist up to now. They are all very well
conserved in the human, which is a strong indication of their
essentiality for the enzyme function.
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Na*/K*-ATPase (NKA) is an enzyme of crucial importance for all animal cells. We examined the inhibitory
effects of halogenated phenylquinolinones on NKA. The 5,6,7,8-tetrafluoro-3-hydroxy-2-phenylquinolin-
4(1H)-one (TFHPQ) was identified as an efficient NKA inhibitor with ICsy near 10 uM. The inhibition by
TFHPQ is particularly efficient at higher concentrations of K", where NKA adopts the E2 conformation.
The experimental observations are in a good agreement with the outcomes from molecular docking. We
identified an energetically favourable TFHPQ binding site for the K*-bound NKA, which is located in the
proximity of the cytoplasmic C-terminus.

© 2017 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights

reserved.

1. Introduction

The sodium-potassium ATPase (E.C. 3.6.3.9, NKA) is a trans-
membrane protein that is essential for all animal cells. Its major role
is the maintenance of the cytoplasmic concentrations of Na™ and
K*, a part of the resting plasma membrane potential. Furthermore,
it creates the gradient of Na*, which is a driving force for numerous
secondary active transporters, and thus, the NKA indirectly regu-
lates concentrations of other solutes with physiological impor-
tance. It is not surprising that the dysfunction of NKA can result in a
wide variety of pathological states.

On the other hand, NKA inhibitors have been used for treatment
of cardiovascular diseases. Cardiac glycosides (or cardiotonic ste-
roids, CTS) are a well-known group of compounds, which were
historically used for congestive heart failure treatment due to their
anti-arrhythmic effects. They are natural compounds, which can be
extracted from plants (e.g. Digitalis purpurea L., Nerium oleander L.,
Strophanthus gratus L.) and animal secretions (Bufo bufo). Typical
members of this group are digoxin, digitoxin, oleandrin, bufalin and
a specific inhibitor of NKA, ouabain [1]. However, the use of cardiac

* Corresponding author.
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E-mail addresses: seflova.jaroslava@gmail.com (J. Seflovd), martin.kubala@upol.
cz (M. Kubala).
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glycosides is limited by their very narrow useful concentration
range, which stimulates further search for other NKA inhibiting
compounds.

Recently, we have identified flavonoids and their complexes
with lignans as a novel class of NKA inhibitors, which have a
different mode of action than CTS [2]. In this work, we present
studies of phenylquinolone derivatives (Fig. 1), a group of molecules
with three-member-ring skeleton, which is isosteric to flavonoids.

The group of 3-hydroxy-2-phenylquinolin-4(1H)-one de-
rivatives exhibits cytostatic and antileukemic activity [3] and they
can act as strong antiprotozoal agents due to their role in the cell-
to-cell communication system [4,5]. Therapeutic properties of
quinolones can be further altered by chemical modification of the
quinolone scaffold, e.g. chloro- and dichloro- derivatives of 3-
hydroxy-2-phenylquinolin-4(1H)-ones inhibited the growth of co-
lon- and breast cancer cell lines [3,6].

The NKA consists of two subunits denoted as o. and B, which are
usually accompanied by a protein from the FXYD family (Fig. 2),
which serves as a tissue-specific regulator. The o-subunit is the
main catalytic one and it consists of ten transmembrane helices and
three cytoplasmic domains (A, P and N) that move during the re-
action cycle. The B-subunit is mostly extracellular, with one trans-
membrane helix. It functions as molecular chaperone and plays a
role in K selectivity [7]. The reaction cycle of the NKA is tradi-
tionally described by the Post-Albers scheme [8,9], which

0300-9084/© 2017 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights reserved.
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Acronym | R; | R; | R; | Ry
TFHPQ | F | F | F | F
DFHPQ | H | F | F | H
8CHPQ |H | H | H|C]
6CHPQ |H |Cl| H | H
DCHPQ [CI|CI| H | H

Fig. 1. Structure and acronyms of 3-hydroxy-2-phenylquinolin-4(1H)-one derivatives.

Fig. 2. Structure of NKA with the open (A) and closed (B) conformation of cytoplasmic domains. The transmembrane helices of the ¢-subunit are in red, the cytoplasmic A-domain
in blue, N-domain in green and P-domain in yellow, the p-subunit is coloured grey, and the FXYD protein in orange.

postulates two major conformations, E1 and E2. The NKA in E1 state
has a high affinity to sodium and ATP, whereas the enzyme in E2
state has a high affinity to potassium and a low affinity to ATP. In E2
state, the enzyme adopts a conformation with widely open cyto-
plasmic domains. On the contrary, the enzyme in E1 state assem-
bles its cytoplasmic domains together, forming a closed
conformation. High-resolution structures of the NKA in several
distinguishable states were obtained using X-ray crystallography,
and they revealed binding sites for transported ions as well as
binding sites for other small molecules, such as a specific NKA in-
hibitor - ouabain. The combination of high-resolution protein
structures and techniques of molecular modelling provides basis

for identification of the potential binding sites for 3-
hydroxyquinolin-4(1H)-ones and a rationalization of the inhibi-
tory mechanism.

2. Experimental section
2.1. Material and methods

2.1.1. Chemicals

All used chemicals were from Sigma-Aldrich Chemie (Stein-
heim, Germany) unless stated otherwise. All chemicals were of
Assay grade, except for KHPO4 (ACS grade), i-histidine and
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ammonium molybdate (BioUltra grade), SDS (BioXtra grade) and
ouabain (HPLC grade).

2.1.2. Quinolinones tested for the effect on NKA activity

Chloro- and dichloro- derivatives of 3-hydroxy-2-
phenylquinolin-4-(1H)-ones were prepared as described previ-
ously [3,6,10]). Fluorinated 3-hydroxy-2-phenylquinolin-4(1H)-
ones were prepared as described elsewhere [11]. The LC-MS anal-
ysis revealed purity >99.5% and confirmed the molar mass of the
analysed species.

2.1.3. Isolation of Na*/K*-ATPase

NKA was prepared from porcine kidney outer medulla using the
method of Jorgensen [12] and Fedosova [13] with some modifica-
tions. The purified enzyme was pipetted into small aliquots and
stored at —80 °C in the buffer (250 mM sucrose, 0.9 mM EDTA,
20 mM L-histidine, pH 7.0) containing SDS detergent. Molar con-
centration of NKA was estimated using the Bradford method with
consideration of MW(a+f) = 165 000 Da. The protein purity >90%
was estimated from SDS-PAGE and verified by Western blotting.

2.14. Measurement of ATPase activity

The measurements of NKA activity were performed using the
Baginsky assay [14]| with some modifications [2]. The assay was
performed in microwell plates with 4 replicates for each point and
automated in the pipetting station Freedom EVO (Tecan,
Switzerland).

The reaction proceeded in imidazole buffer, pH 7.2, which con-
tained by default 140 mM NacCl, 20 mM KCl, 3 mM MgCl, and 3 mM
ATP (the reaction was started by addition of ATP), and in the
absence or presence of 12.5 puM inhibitor, which was incubated
with the enzyme for 15 min. In the experiment aimed at Na*-, K*-
or ATP-dependence of NKA activity, only concentration of the given
component varied, the others were present in the concentrations
given above.

The Baginsky method detects the inorganic phosphate, which
interacts with ammonium molybdate. The reaction results in a
colour change, which can be monitored as a change of absorbance
at 710 nm, and was measured using microplate reader Synergy Mx
(BioTek, USA). The calibration line was determined using of KH,PO4
solutions, in the 0—37.5 nM concentration range.

The specific Na*/K™-ATPase activity is standardly estimated
using the treatment by ouabain, which serves as a specific inhibitor

120

100

Relative ATPase activity (%)

NKA TFHPQ

DFHPQ 8CHPQ 6CHPQ DCHPQ

A

of NKA. The ATPase activity decreases to less than 10% in the
presence of 10 mM ouabain. This residual activity in the presence of
ouabain has been subtracted from the total estimated ATPase ac-
tivity in ouabain-untreated samples, and all data are presented as
the ouabain-sensitive ATPase activity.

2.1.5. Computation of structures and molecular docking

The geometry optimization of 5,6,7,8-tetrafluor-3-hydroxy-2-
phenylquinolin-4(1H)-one was carried out within the density
functional theory formalism at the B3P86/6-31+G(d,p) level at
298 K and 1 atm. Gibbs energies were computed and ground-state
geometries were confirmed by the absence of any imaginary fre-
quency. Quantum calculations were performed in the gas phase
with the Gaussian09 software package [15]. Optimized structure
was used for the molecular docking to the open and closed struc-
tures of NKA.

The compound was docked into the homology model with the
human a1B1FXYD2 sequence (Uniprot IDs P05023, P05026 and
P54710 respectively) and the structures based on the crystals 2ZXE
(open conformation, corresponding to the E2 state) [16] and 4HQJ
(closed conformation, corresponding to the E1 state) [17]. The
docking was performed in two steps — a general screening with the
grid covering the whole protein (exhaustiveness set to 400 and
num_modes to 9999) and then redocking into the most favourable
regions — the C-terminal region of the open structure and the
transmembrane part of the closed structure. The software used was
Autodock Tools [18], Autodock Vina [19] for docking with the XB
extension [20] better describing halogen binding, and PyMol [21]
for visualization.

3. Results
3.1. Effects on NKA activity

In the initial screening, the selected halogenated quinolones
were tested as potential NKA inhibitors at 10 uM final concentra-
tion. The activities measured in the presence of DFHPQ, DCHPQ,
6CHPQ or 8CHPQ did not significantly differ from the untreated
control (Fig. 3A). Only TFHPQ reduced the NKA activity to ca. 45% of
the untreated control, and it was a subject of further analyses.

The TFHPQ decreased the NKA activity in the concentration
dependent manner (Fig. 3B). However, limited TFHPQ solubility in
aqueous environment seriously limited precise ICs¢ determination.
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Fig. 3. (A) The changes of the relative ATPase activity caused by halogenated quinolinones (each at 10 uM final concentration). The relative ATPase activities were obtained by
normalizing the ATPase activity of the quinolone-treated enzyme by the activity of the enzyme incubated without inhibitor. (B) Inhibition of NKA activity by increasing concen-

trations of TFHQP. Each data point represents average from four replicates.
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Determination of the ICsq by fitting the data to the logistic function
requires also estimation of the minimal activity at high inhibitor
concentrations. Indeed, the increasing TFHPQ concentration pro-
gressively decreased the NKA activity, however, at concentrations
higher than 15 pM, apparent aggregates of TFHPQ were visible.
Consequently, we had only poor control of the real non-aggregated
TFHPQ concentration in solution, and such data were useless for the
quantitative analysis. Therefore, for the quantitative characteristic,
we took advantage of the fortunate fact that the data point at 10 pM
TFHPQ yielded 45% activity of the enzyme, which is very close to
the 50%. Recalling that ICsq value is defined as the inhibitor con-
centration, at which the enzyme exhibits 50% activity, we can es-
timate that ICsg is near 10 uM. In order to better understand TFHPQ
inhibition, we evaluated its effect on NKA activation by Na*, K or
ATP (Fig. 4).

TFHPQ exhibited rather small effect on the Na* dependent NKA
activation, altering the Kos(Na') only from 14 mM to 9 mM. The
activity at high NaCl concentration decreased only to 45% of
maximal activity in the presence of THFPQ (Fig. 4A).

Similarly, the NKA activity was significantly decreased by TFHPQ
at high K™ concentrations, reaching only 45% of the control
(Fig. 4B). Again, the Kos(K") slightly decreased (from 0.8 mM to
0.6 mM), suggesting that the TFHPQ inhibition does not consist in
the decrease of an enzyme affinity for transported cations.

The ATP-dependence of NKA activity follows the well-known
bell-shaped curve [22]. The shape of the curve was not substan-
tially affected by the presence of TFHPQ (Fig. 4C).

3.2. Molecular docking

Molecular docking was used for a prediction of a possible TFHPQ
binding site. Computational analysis revealed that the molecule is
not planar and the dihedral angle between the quinolone- and
phenyl moieties is around 148° for free TFHPQ. Nevertheless, the
phenyl group can freely rotate and the dihedral angle was kept
flexible during the docking procedure.

Both major conformations of NKA (open with potassium bound,
and closed with sodium bound) were used for examination of the
ligand binding. The simulation revealed that the most preferred
binding site in the open conformation of the enzyme (binding
affinities —10.4 to —8.9 kcal/mol) was localized in a close proximity
of the C-terminal part of the enzyme; TFHPQ was most frequently
bound to Y1022 and BW12 (Fig. 5). In the closed conformation, the
most frequently occupied pose was located within the trans-
membrane region of the enzyme in the proximity of Y970, W988
and F33 of FXYD protein, however, with substantially lower binding
affinities (from —8.7 to —7.6 kcal/mol). Moreover, this site is nor-
mally occupied by a cholesterol molecule, which is absent in our
model. Other binding poses on the closed conformation were
spread within the enzyme cytoplasmic headpiece and near the
extracellular part of the FXYD protein with lower frequency and
binding affinity, and they were considered to be insignificant (not
shown).

The other compounds could bind to the C-terminal binding site
in the open structure, but with lower affinities than TFHPQ (by
1—3 kcal/mol). Moreover, they occupied also several other binding
poses on the protein that were not available for TFHPQ. In the
closed conformation, they bound to the similar poses as TFHPQ, but
again, with lower affinities (—8.0 to —6.6 kcal/mol).

4. Discussion
Molecules isolated from plants used in a traditional medicine

have a stable position in current research. They are either examined
per se, or they serve as a base for further derivatization by the tools

of organic chemistry. Recently, we have identified flavonolignans as
a novel class of NKA inhibitors that have a different mode of action
compared to the currently used cardiotonic steroids [2]. This study
is focused on quinolones, which are structural analogues of natural
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Fig. 5. Localization of TFHPQ binding site in the open conformation of the protein, and zoom (right). The docked compound is highlighted in purple, a-subunit is in green, p-subunit

is in cyan and the FXYD protein is in magenta.

flavonoids. We examined changes in the activity of isolated porcine
kidney NKA after the treatment with halogenated derivatives,
which were previously shown to possess anticancer properties
[3,23].

Of the five examined derivatives, only TFHPQ exhibited sub-
stantial inhibition of NKA. At 10 uM concentration, it decreased the
NKA activity to approx. 45%, suggesting the estimate of ICsq to be
slightly below 10 uM (unfortunately, this value could not have been
determined more precisely due to the limited solubility of TFHPQ).
This range is already interesting from the pharmaceutical point of
view and this value is significantly lower than the one obtained for
flavonolignans (~40 uM). The hydrophobicity and low solubility of
quinolone-based drugs seem to be the major limitation for a po-
tential use of these compounds. Nonetheless, it was shown recently
that this limitation can be bypassed by using silica nanoparticles for
the encapsulation of quinolone-like molecules [24].

The interaction is strongly dependent on the geometries of both
the ligand and enzyme. The enzyme can reversibly change its
conformation, reflecting binding of various ligands. Particularly,
with the sodium ions bound, it prefers the closed conformation
(traditionally denoted as E1), while in the presence of potassium, it
adopts the open conformation (traditionally denoted as E2). In
contrast to flavonolignans, where we have found several possible
binding sites, we could identify a single binding site for TFHPQ that

is energetically favourable over other possibilities. It is present only
in the K*-bound conformation of the protein and it is located in the
proximity of the cytoplasmic C-terminus, corresponding to one of
the binding sites that were proposed for flavonolignans [2]. It was
suggested [25] that the release of sodium to the extracellular space
is limited by a local disarrangement of the C-terminal part of the
enzyme. A proton from the cytoplasm can be transferred through
the C-terminal pathway, whereas two potassium ions interact with
their binding sites. After occlusion, the pump releases potassium
ions and proton into a cytoplasm enabling sodium binding. TFHPQ
binding to the C-terminus can efficiently hinder this mechanism.

Molecular docking provided also a clue to the question, why
only TFHPQ efficiently inhibited NKA, while the other analogues
were rather inefficient. In fact, as all the examined molecules are
structurally very similar, also the other analogues can bind to the
THFPQ binding pose. However, their affinities were lower (by
1—3 kcal/mol), and in addition, they can bind with similar affinities
also to several other sites on NKA, which are not available for
TFHPQ. In practical experiment, binding of the molecules to these
sites would effectively decrease the number of molecules that could
bind to the inhibitory site. Hence, it seems that the superiority of
TFHPQ over other analogues with respect to the potency to inhibit
NKA activity is based on two factors — the best affinity, and the best
specificity to the inhibitory site.
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In conclusion, we have identified TFHPQ as a novel and efficient
NKA inhibitor. Our data indicate that this molecule selectively binds
to the potassium-bound state of NKA in the proximity of the C-
terminus, thus, probably hindering the C-terminal pathway.
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We examined the inhibitory effects of three flavonolignans and their dehydro- derivatives,
taxifolin and quercetin on the activity of the Na*/KT-ATPase (NKA). The flavonolignans
silychristin, dehydrosilychristin and dehydrosilydianin inhibited NKA with ICsq of 110 4= 40
uM, 38 £ 8 uM, and 36 + 14 uM, respectively. Using the methods of molecular
modeling, we identified several possible binding sites for these species on NKA and
proposed the possible mechanisms of inhibition. The binding to the extracellular- or
cytoplasmic C-terminal sites can block the transport of cations through the plasma
membrane, while the binding on the interface of cytoplasmic domains can inhibit the
enzyme allosterically. Fluorescence spectroscopy experiments confirmed the interaction
of these three species with the large cytoplasmic segment connecting transmembrane
helices 4 and 5 (C45). The flavonolignans are distinct from the cardiac glycosides that are
currently used in NKA treatment. Because their binding sites are different, the mechanism
of inhibition is different as well as the range of active concentrations, one can expect that
these new NKA inhibitors would exhibit also a different biomedical actions than cardiac
glycosides.

Keywords: sodium pump, Nat/K*-ATPase, flavonolignans, inhibition, binding sites

INTRODUCTION

Sodium pump (Na*/K*-ATPase, E.C. 3.6.3.9, NKA) is an enzyme of crucial importance for all
animal cells. It is the major determinant of cytoplasmic Na™ and K* concentrations and the
resting plasma membrane potential. The steep Na™ gradient on plasma membrane is essential
for variety of secondary active transporters, e.g., Na™/Ca*"- and Na*/H"- exchanger or Na™-
dependent glucose transporter, and hence, NKA indirectly regulates also concentrations of other
physiologically important solutes.

It is not surprising that an uncontrolled inhibition of NKA can result in severe diseases, e.g.,
renal failure, hypertension or diabetic neuropathies (Kaplan, 2002) or even death, and that the
most specific NKA inhibitor cardiac glycoside ouabain was originally used as an arrow poison
(Newman et al., 2008). Despite these risks, extracts containing cardiac glycosides were used to
control heart tonics already in ancient medicine, and the extracts were prepared either from plants
in Arabic medicine (Brewer, 2004) or secretions of frog Bufo bufo in Chinese medicine (Watabe
et al., 1996). Compounds like digitalis or digoxin are still prescribed for control of congestive heart
failure (Gheorghiade et al., 2004). However, the use of cardiac glycosides is limited by their very
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narrow useful concentration range (Newman et al., 2008), which
stimulates further search for other NKA inhibiting compounds.

Silymarin is an extract from the seeds of milk thistle (Silybum
marianum). It contains numerous polyphenolic compounds and
it was shown to possess antioxidant (Vacek et al., 2013; Pyszkova
et al., 2015), hepatoprotective (Loguercio and Festi, 2011) or
anticancer effects (Agarwal et al., 2006). In this study, we have
tested effects on NKA activity for a flavonoid taxifolin (TAX)
and three flavonolignans, namely silybin (SB), silychristin (SCH),
and silydianin (SD), which are major silymarin compounds
(Biedermann et al., 2014); their structures are shown in Figure 1.
The corresponding 2,3-dehydro derivatives (DHSB, DHSCH,
and DHSD, the 2,3-dehydrotaxifolin is termed quercetin, QUE)
were also tested.

The NKA catalytic cycle is usually described by the Albers-
Post cycle (Jorgensen et al., 2003). It postulates that during the
catalytic cycle, the enzyme adopts two major conformations,
denoted as E1 and E2. In E1, the enzyme has high affinity to
sodium and ATP and the binding sites are open to the cytoplasm,
while in E2, the enzyme has high affinity to potassium, low affinity
to ATP and the cation-binding sites are open to the extracellular
space. High-resolution structures of NKA were obtained in
several conformational states thanks to recent progresses in X-ray
crystallography of membrane proteins (Morth et al., 2007; Ogawa

et al., 2009; Nyblom et al., 2013). They revealed the binding
sites for transported cations within the transmembrane domain,
or binding site for some ligands, including ouabain. Notably,
in the crystals assigned to the enzyme in E1 conformation, the
cytoplasmic domains are assembled together (further referred to
as a closed conformation), while in the E2 conformation, the
cytoplasmic headpiece is widely opened (opened conformation).

These different structures provided a solid basis to figure out
molecular processes responsible for the mechanisms of enzyme
inhibition. Moreover, based on these high-resolution structures,
molecular modeling allows further identification of the binding
sites of flavonolignans that inhibit NKA, and strongly support
rationalization of mechanisms of inhibition.

MATERIALS AND METHODS

Chemicals
Unless stated otherwise, all used chemicals were from Sigma-
Aldrich Chemie (Steinheim, Germany).

Species Tested for the Effect on NKA
Activity

Silymarin was purchased from Liaoning Senrong Pharmaceutical
Co., Ltd. (China), SB, SCH, and SD were isolated from the

silybin

silychristin

HO.

OH

silydianin

HO.

taxifolin

dehydrosilybin

dehydrosilychristin

HO. O
|
OH OH

OH O

HO

FIGURE 1 | Structures of silybin (SB), silychristin (SCH), silydianin (SD) and their dehydro-derivatives (DHSB, DHSCH, DHSD), taxifolin (TAX), and
quercetin (QUE). The 2,3-double bond in dehydroderivatives is highlighted in red.
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silymarin, and the dehydro- derivatives DHSB, DHSCH and
DHSD were prepared as described previously (Dzubdk et al.,
2006; Krenek et al.,, 2014; Pyszkova et al., 2015). Silybin and
silychristin were used as the natural diastereomeric mixture
(ca. 1/1 and 95/5 respectively), silydianin is a single isomer.
Dehydroderivatives were prepared from parent mixtures and
are therefore enantiomeric mixtures (besides DHSD) (Pyszkova
et al, 2015). Taxifolin was purchased from Amagro (CZ).
Quercetin was prepared by acidic hydrolysis of rutin with
HCI/EtOH as described previously (Wang et al., 2011). Purity of
all used compounds was over 95% (HPLC, PDA).

Isolation of Na*/K*+-ATPase

The NKA was prepared from porcine kidney outer medulla using
the method of Jorgensen and Klodos with some modifications
(Jorgensen, 1988; Klodos et al., 2002; Kubala et al., 2014). An
isolated enzyme was pipetted into small aliquots and stored
at —20°C in ISE buffer (25 mM imidazole, 250 mM sucrose,
1 mM EDTA, pH 7.4) containing SDS detergent. The molar
concentration of isolated NKA was estimated using the Bradford
method with consideration of MW(a 4+ B) = 165,000 Da. The
protein purity >90% was estimated from SDS-PAGE (Figure 2).

Measurement of ATPase Activity

The measurements of NKA activity were performed using the
Baginsky assay (Kubala et al., 2014). The assay was performed in
microwell plates in 4 replicates for each point and automated in
the pipetting station Freedom EVO (Tecan, Switzerland).

The reaction buffer was composed of 325 mM NaCl, 50 mM
KCl, 7.5 mM MgCly, and 75 mM imidazole, pH 7.2. In the
experiments where the K™ -dependence was estimated, the KCI
concentration is ranging from 0 to 100 mM. The NKA (0.1

0
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FIGURE 2 | Purity of isolated NKA (left) and C45 (right) as revealed by
SDS-PAGE.

mg/mL) isolated from porcine kidney was mixed with reaction
buffer without ATP. All inhibitors were solubilized in methanol
immediately before the measurement and then premixed with
the reaction buffer to the required concentration. Subsequently,
10 pL of inhibitor solution was added into 20 wL of enzyme
solution and incubated for 2 min. In the control sample, only
10 pL of reaction buffer without inhibitor was added including
corresponding amount of methanol. The reaction was started by
the addition of ATP solution (20 L, 7.5 mM in the stock, the final
concentration in the reaction was 3 mM). The reaction proceeded
for 6 min at room temperature and then was stopped by addition
of 75 L of staining solution, which was composed of 160 mM
ascorbic acid, 3.7% (v/v) acetic acid, 3% (w/v) SDS, and 0.5%
ammonium molybdate. The staining reaction was stopped after
another 8 min by adding 125 pL of solution composed of 0.9%
(w/v) bismuth citrate, 0.9% (w/v) sodium citrate and 3.7% HCL

The Baginsky method detects a product of ATP hydrolysis,
inorganic phosphate, which interacts with ammonium
molybdate. The reaction results in a color change, which
can be monitored as a change of absorbance at 710 nm, and was
measured using microplate reader Synergy Mx (BioTek, USA).
The calibration line was determined using KH,POy solutions, in
0-37.5 nM concentration range.

The specific NKA activity is standardly estimated using the
treatment by ouabain, which serves as a specific inhibitor of NKA.
The ATPase activity decreases to less than 10% in the presence
of 10 mM ouabain. This residual activity in the presence of
ouabain was subtracted from the total estimated ATPase activity
in ouabain-untreated samples, and all data are presented as the
ouabain-sensitive ATPase activity. The ICs( values were obtained
from fitting the data to the logistic function.

Expression and Purification of the Isolated
Large Cytoplasmic Segment C45

The large cytoplasmic segment connecting the transmembrane
helices 4 and 5 (C45 loop, residues L354-1777 of the mouse brain
sequence) with a (His)e-tag at the N-terminus was expressed in
E. coli BL21 (Promega, USA) and purified using a Co?*-based
affinity resin (Clontech, USA) as described previously (Grycova
et al., 2009). Immediately after elution, the protein was dialyzed
into 20 mM Tris, 140 mM NaCl, pH 7.4 buffer and stored
at —20°C.

Protein were analyzed by Coomassie blue stained SDS PAGE
and concentration was determined using the Bradford assay
(Bradford, 1976) using BSA as a standard.

Absorption and Fluorescence

Spectroscopy
Spectroscopic experiments were performed in 20 mM Tris, 140
mM NaCl, pH 7.4 buffer. SCH, DHSCH and DHSD as well as
protein C45 were diluted to 5 WM concentration.

Absorption spectra were measured on spectrometer Specord
250 Plus (Analytic Jena, Germany) in the range 300-600 nm, with
the bandpass 2 nm, a step 1 nm and a scan-speed 2 nm/s. The

reference spectrum was acquired using the cuvette with a pure
buffer.
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Fluorescence emission spectra were measured using
Fluorolog-3 (Horiba Scientific, USA). The spectra were scanned
with a step of 1 nm, both excitation- and emission bandpass 5
nm and integration time 1s. For SCH, the excitation was 325
nm and emission was recorded in the 340-600 nm interval, for
DHSCH and DHSD, the excitation wavelength was 380 nm and
spectra were scanned in the 400-600 nm interval. Signal from
pure buffer was subtracted as a background.

Computation of Structures for Molecular
Docking

Geometry optimizations of all structures (Figurel) was
performed using the density functional theory (DFT) formalism
with the software package Gaussian09 (Frisch et al., 2009). The
hybrid functional B3P86 has been used because it has repeatedly
succeeded in describing most of polyphenol properties (Trouillas
et al, 2006, 2008). Gibbs energies (G) were computed at
B3P86/6-31+G(d,p) level at 298 K, 1 atm. After a vibrational
frequency analysis, ground-state geometries were confirmed by
the absence of any imaginary frequency. Quantum calculations
were performed in the gas phase.

The SB (stereoisomer A) and DHSB (stereoisomer A) initial
structures were taken from Trouillas et al. (2008) and further
re-optimized. Structure of the most stable isomers of SCH
(stereoisomer A), DHSCH (stereoisomer A), SD and DHSD were
already presented in Pyszkova et al. (2015).

Molecular Docking

The compounds SCH, DHSCH, and DHSD were docked to
the opened and closed structures of NKA (PDB, ID, 3KDP,
and 4HQJ) using Autodock Tools (Morris et al., 2009) and

Autodock Vina (Trott and Olson, 2010) with the grid covering
the whole protein. The values of parameters exhaustiveness
was set to 100 and num_modes to 9999 in order to reveal
all possible docking modes. In the default setting, the bonds
creating different conformers were freely rotable, to find optimal
geometry of molecules interacting with the pump.

RESULTS

Conformational Analysis

Conformational analysis of both flavonoids TAX and its dehydro-
analog QUE revealed two stable rotamers. In case of QUE,
as reported previously (Trouillas et al., 2006), the planarity is
observed, allowing 7 electron delocalization along the A, C and
B rings, while for TAX, the planarity is lost due to the loss of the
2,3-double bond.

A conformation analysis of SB, DHSB, SCH, DHSCH, SD,
and DHSD revealed 4 most stable representative conformers
for all molecules within less than 1.6 kcal/mol difference in
Gibbs energy (Figure 3). These conformers can be obtained
by modification of the torsion angles Phi = C3-C2-Cl14-
C15 and Psi = C11-C10-C22-C17 (Psi = C10-C11-C17-
C22 for SB and DHSB) (Table1), and the loss of the
flavonoid moiety planarity is observed also for these molecules,
when the 2,3-bond is hydrogenated (DHSB, DHSCH, and
DHSD).

Effects on NKA Activity

Ouabain-sensitive ATPase activity was measured for increasing
concentrations of all species (Figure4). In the case of SB,
DHSB, SD, and DHSD, the examined concentration range was

conformer 1

conformer 3

FIGURE 3 | Structures of stable conformers of DHSCH.

conformer 2

/fj@

conformer 4
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TABLE 1 | Structural parameters of the stable conformers.

Species Conformer Phi (°) Psi (°) Relative Gibbs
energy (kcal/mol)
SB 1 77 -98 0
2 83 81 0.4
3 -96 -97 0.2
4 -98 81 0.2
DHSB 1 3 -98 0
2 -1 80 0.3
3 -178 -98 0.1
4 -176 83 0.5
SCH 1 81 -71 0
2 82 98 0.9
3 -105 52 0.1
4 -97 —141 0.7
DHSCH 1 174 —52 0
2 175 87 0.2
3 9 97 0.1
4 7 —-55 1.6
SD 1 -3 -37 0
2 -5 147 0.2
3 -125 —42 0.5
4 -123 142 0.4
DHSD 1 1 —45 0
2 1 142 0.3
3 166 —-40 0.2
4 166 145 0.8
TAX 1 -83 0
80 0.1
QUE 1 180 0
2 0 0.4

limited due to lower solubility of these species. Substantial
inhibition was observed only for SCH, DHSCH and DHSD
with ICsp 110 4+ 40 pM, 38 £ 8 M, and 36 =+ 14
WM, respectively. In all these cases, we observed a Hill
coefficient < 1, indicating the presence of multiple binding
sites and negative cooperativity. The data are summarized in
Table 2, and SCH, DHSCH, and DHSD were subject to further
analyses.

We have tested influence of these three species on the ouabain
inhibition and K™ -dependence of NKA activation. None of the
species substantially influenced the ICsp for ouabain or the
K*/ouabain antagonism (Figure 5). The NKA activity is K-
dependent and it increased with increasing concentration of
potassium with Ko 5(K*) = 4.2 4+ 0.6 mM. In contrast to ouabain,
which raised the Ko5(KT) to 14.8 + 0.1 mM, none of the
flavonolignans significantly altered the K™ -dependence of NKA
activity (Figure 6).

120+

Ouabain-specific ATPase activity (%) >

o4 1 10 100
Inhibitor concentration (uM)

T
1000

60 -
401

204

Ouabain-specific ATPase activity (%) @

0 T T T T T T rorrrm
0.01 0.1 1 10 100 1000
Inhibitor concentration (uM)

FIGURE 4 | Inhibition of NKA by (A) SB (squares), SCH (circles), SD (up
triangles), TAX (down triangles) and (B) by the corresponding dehydro-
derivatives DHSB, DHSCH, DHSD and QUE. The reference value (100%)
represents ouabain-specific activity of untreated NKA.

Molecular Docking

Molecular docking enables prediction of the binding sites for
small ligands on large biomolecules. Binding to NKA was
examined for both major conformations of the enzyme. All
SCH, DHSCH, and DHSD bound with a similar affinities
(=11 to —9 kcal/mol) to all sites in both opened and
closed conformations. We identified five major binding sites,
three of them were common to both the opened and closed
conformations (Figure?7), one binding pose was exclusively
observed only for the opened conformation, and another one in
turn only for closed conformation. All conformers bound to at
least one binding site, nevertheless, their relative preferences for
individual binding sites differed (Table 3).

In the closed conformation, by far the most favored site was
near the phosphorylation site. All the conformers can occupy
this site, except for conformer 4 of DHSCH. All compounds
bound also to another pose between the A and N domains on
the other side near R248 (Figure 8). However, this site only
exists in the closed conformation. It is much more selective and
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TABLE 2 | Values of IC5 for inhibition of the NKA activity, n, Hill
coefficient, Ko 5(ouabain) indicates the value obtained in the presence of
5 mM KClI (in parentheses in 40 mM KCI) and 40 uM concentration of
flavonolignan, K0.5(K+) denotes the values for K*-dependent activation
of NKA obtained in the presence of 40 .M flavonolignan, n.d., not
determined.

Species  IC5q (LM) n Ko s(ouabain) (kM)  Kg 5(K*) (mM)
None 26+ 1323473 42406
SB >1000 n.d. n.d. n.d.
DHSB 900 £800 0.5+0.1 n.d. n.d.
SCH 110 +£ 40 0.6+ 0.1 40+1.7(18+2) 8+5
DHSCH 38+8 0.8+ 0.1 1.5+£05(24 +£6) 441
SD >1000 n.d. n.d. n.d.
DHSD 36+ 14 0.6 +0.1 33+£1.4(19+7) 3+2
TAX >1000 n.d. n.d. n.d.
QUE >1000 n.d. n.d. n.d.
40
304
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FIGURE 5 | The K*/ouabain antagonism in the absence (squares) or in
the presence of 40 uM SCH (circles), DHSCH (up triangles) or DHSD
(down triangles).

can be occupied only by conformer 3 of SCH, conformers 2
and 4 of DHSCH and conformer 1 of DHSD. Another possible
binding location in the closed structure is on the extracellular side
between E312 on TM4 and R886 (extracellular loop connecting
TM7 and TMS8), and it is the most favored site for conformer
4 of DHSCH. This site can serve as the entry for potassium
ions during transport. Conformer 1 of SCH and conformers
1 and 4 of DHSCH are the only molecules that bind at the
intracellular C-terminal site. Also this site was proposed to play
a role in transport of cations through the plasma membrane
(Toustrup-Jensen et al., 2009).

Also in the opened conformation, the binding to the groove
between P and N cytoplasmic domains near the phosphorylation
site was observed for all conformers, except for conformer 3 of
DHSCH. It was the most preferred site for all SCH conformers
and for conformers 1 of DHSCH and DHSD. The binding site
specific only for the opened conformation is located under A

140

Normalized specific activity (%)

0 #~— T T T T T T T T
0 10 20 30 40 50

KCI (mM)

FIGURE 6 | The K+-dependence of NKA activity in the absence of any
ligand (squares) or in the presence of ouabain (circles), SCH (up
triangles), DHSCH (down triangles) or DHSD (diamonds).

domain, near the residues N353 and D740, where a regulatory
potassium ion is bound (Schack et al., 2008). It is the most
preferred site for conformers 2 and 4 of DHSCH and for
conformer 2 of DHSD, but numerous other conformers can bind
in this site as well. The site at the extracellular potassium entrance
is the most preferred for the conformer 4 of DHSD. There is also
a binding pose at the C-terminal of the protein, but it can be
occupied only by DHSCH or DHSD, and for conformer 3 of both
species it is the most preferred site.

Interaction with the Isolated Large
Cytoplasmic Segment C45

Based on the prediction from molecular docking, we examined
whether SCH, DHSCH, and DHSD could interact with the
isolated large cytoplasmic segment C45 using absorption and
fluorescence spectroscopy. Absorption spectra of SCH, DHSCH,
and DHSD exhibited maxima at ca. 325, 385, and 375 nm,
respectively, and the presence of C45 did not substantially alter
the spectra (not shown), thus, providing no further clue about
the interaction.

On the other hand, the interaction with C45 was clearly
manifested in the fluorescence spectra for all three species.
We observed no detectable fluorescence above background for
the free SCH. The interaction with C45 protein turned out
to be fluorogenic, and in the presence of C45, a bright SCH
fluorescence appeared (quantum yield increased more than 1000
times compared to the free SCH) with a maximum at 394 nm
(Figure 9). For the free DHSCH, we observed only very weak
fluorescence with a maximum at 537nm and an apparent
shoulder at ca. 475 nm. In the presence of C45, the fluorescence
intensity increased ca. 3-times, and two peaks at 466 and 527 nm
could be resolved. Similarly for the free DHSD, there is only a
weak fluorescence with a maximum at 472 nm. In the presence of
C45, the three-fold intensity increase is accompanied by a shift of
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FIGURE 7 | Binding sites of SCH (yellow), DHSCH (cyan) and DHSD (magenta) on the opened and closed structure. Beta subunit is in light green, the FXYD

the maximum to 459 nm, and there is also an apparent shoulder
at 510 nm.

DISCUSSION

Recent pharmacology greatly benefits from the species isolated
from the plants used in traditional medicine. In addition, these
species also serve as precursors or inspiration for synthesis of new
active derivatives, which can turn out to be even more effective in
biochemical interactions. This study was focused on interactions
of a series of phenolic compounds from silymarin (being or not
hydrogenated on 2,3-bond of the flavonoid moiety) with one of
the most important enzymes in the animal metabolism, the NKA.

Bioavailability of most polyphenolic compounds naturally
found in silymarin is limited by their lower solubility in water,
only SCH and SD exhibit substantially higher solubility in
aqueous environment. In our experiments, we observed that only
SCH inhibited the NKA with ICsy of 110 4= 40 wM, and similar
concentrations can hardly be reached within the living organism.
On the other hand, two of the 2,3-dehydroderivatives, DHSCH
and DHSD, inhibited NKA substantially more efficiently with
ICsp of 38 &= 8 WM and 36 & 14 puM, respectively. Interestingly,
none of the flavonolignans exhibited influence on the known
K*/ouabain antagonism (Miiller-Ehmsen et al., 2001). Moreover,
in contrast to ouabain, they did not alter the K™ -dependence of
NKA activity, suggesting that the flavonolignans have different
mode of inhibition than ouabain.

Interaction of small molecules with large biomolecules is one
of the key issues in structural biology, and recently, it has gained
benefits from the development in computational techniques. The

classical key-and-lock concept assumes that small molecules can
specifically interact with enzymes when their geometries fit each
other. The induced-fit concept that was proposed later, has not
that strict requirements on the geometries of the interaction
partners, and it assumes that after the first contact, the enzyme
can rearrange its conformation to fit the shape of the small ligand
(Koshland, 1995).

Our calculations revealed that all flavonolignans (including
the dehydro- derivatives) can adopt several stable conformations.
Their stabilizing energies calculated in the gas phase appeared
very similar, suggesting that they are all present in solution
in roughly equimolar mixtures. Although differences between
flavonolignans conformers may play no important role in, e.g.,
their redox properties, the precise geometry is crucial in the
interaction with enzymes, and some conformers can be tightly
bound to the enzyme, while the others can be inactive.

However, the situation is probably more complex in our case.
The fitting of the inhibition curves revealed the Hill coefficient
different from 1 for all SCH, DHSCH, and DHSD, indicating the
presence of multiple binding sites. Indeed, molecular docking
revealed one extracellular binding site and four other sites in
the cytoplasmic segment of the protein, indicating multiple
possibilities of how the flavonolignans could inhibit the enzyme.
The main enzyme function is translocation of cations through
the plasma membrane. The cations are transiently bound to their
binding sites formed by residues TM4, TM5, TM6, and TM8
in the transmembrane domain (Morth et al., 2007), while the
extracellular- and cytoplasmic pathways to these binding sites
alternatively open and close. Binding of flavonolignans to the
extracellular binding site or to the C-terminal binding site can
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efficiently block these pathways, and thus, can stop the cation
transport. The opening and closing of the extracellular- and
cytoplasmic gates is accompanied by the change in the position
of cytoplasmic domains, as a consequence of ATP-binding and
hydrolysis (Kubala, 2006). Localization of the flavonolignan on
the interfaces between N- and P- or N- and A-domains can

TABLE 3 | The fractions of conformers bound to the selected binding sites.

CLOSED P site R248 Extracellular C terminal Other
DHSD1 0.23 0.05 0.03 ND ND
DHSD2 0.15 ND ND ND ND
DHSD3 0.25 ND 0.03 ND ND
DHSD4 0.28 ND ND ND ND
DHSCH1 0.28 ND ND 0.038 0.038
DHSCH2 0.23 0.03 0.08 ND 0.05
DHSCH3 0.13 ND 0.03 ND ND
DHSCH4 ND 0.03 0.05 0.03 0.05
SCHA1 0.15 ND 0.03 0.03 0.05
SCH2 0.33 ND ND ND ND
SCH3 0.18 0.03 0.03 ND 0.038
SCH4 0.15 ND 0.03 ND ND
OPENED P site N353 Extracellular C terminal Other
DHSD1 0.05 0.03 0.03 0.03 0.05
DHSD2 0.03 0.05 ND 0.038 ND
DHSD3 0.05 ND 0.03 0.10 0.05
DHSD4 0.08 0.08 0.15 ND 0.20
DHSCH1 0.10 0.03 0.05 0.03 0.10
DHSCH2 0.05 0.13 ND 0.08 0.20
DHSCH3 ND ND ND 0.03 0.05
DHSCH4 0.08 0.08 0.03 ND 0.05
SCH1 0.10 0.05 0.05 ND 0.15
SCH2 0.10 ND ND ND 0.10
SCH3 0.08 0.05 0.05 ND 0.038
SCH4 0.13 0.05 ND ND 0.08

The most preferred binding site of each conformer in bold, “P site” stands for
phosphorylation site. ND, binding to this site was not detected.

hinder the interactions between cytoplasmic domains, and thus,
inhibit the enzyme allosterically. All conformers of all SCH,
DHSCH, and DHSD were able to bind to at least to one
binding pose, but by far the most occupied site was the one
at the interface of N- and P-domains near the phosphorylation
site. It can be occupied by almost all conformers, it is present
in both opened and closed enzyme conformations, and we
experimentally verified binding of all SCH, DHSCH, and DHSD
to the large cytoplasmic segment connecting TM4 and TM5
(C45) using fluorometry.

The C45 constitutes approx. 40% of the enzyme mass and
forms the cytoplasmic domains N and P. It can be overexpressed
without the rest of the enzyme in high quantities in E. coli
(Grycova et al, 2009). So far, all the experiments indicate
that it retains its structure, ability to bind ATP and TNP-ATP
(Kubala et al., 2003a,b, 2004), and dynamic properties (Grycova
et al., 2009; Kubala et al., 2009) as when it is a part of the
entire enzyme. Its solubility greatly facilitates all subsequent

5000 4
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350 400

FIGURE 9 | Fluorescence emission spectra of 5 .M SCH (black),
DHSCH (blue) and DHSD (red) in the presence (solid line) or absence
(dotted line) of 5 .M C45. The fluorescence intensity in the spectrum of SCH
in the C45 presence was divided by a factor of 20 to fit the graph.

A, domain is blue; N, domain red; P, domain green.

FIGURE 8 | Zoom on the binding sites of SCH (yellow), DHSCH (cyan) and DHSD (magenta) on cytoplasmic loops in the opened and closed structure.
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experiments and this model system was successfully used for
closer localization of binding sites of numerous other small
molecules on the cytoplasmic part of NKA (Huliciak et al,
2012; Havlikova et al., 2013). Also in the case of SCH, DHSCH
and DHSD, the spectroscopic experiments unambiguously
confirmed that these molecules interact with C45. Moreover,
in the case of DHSCH and DHSD, we could observe two
peaks in the emission spectra of the protein-bound forms. It
reveals that there are two binding modes of these species to
the C45 and it is in line with predictions from molecular
docking.

In conclusion, flavonolignans are proposed to be a novel class
of NKA inhibitors, and particularly the 2,3-dehydroderivatives
DHSCH and DHSD seem to be very promising agents. The
flavonolignans are distinct from the cardiac glycosides that are
currently used in NKA treatment. Because their binding sites
are different, the mechanism of inhibition is different as well
as the range of active concentrations, one can expect that these
new NKA inhibitors would exhibit also a different biomedical
actions than cardiac glycosides. Currently, the major problem
seems to be the low specificity in interaction with biomolecules,
which is probably partially related to significant number of
stable flavonolignan conformers. Syntheses of more than 100
flavonolignan derivatives have been described (Biedermann
et al., 2014), and further screening could identify a derivative
that would be useful at lower concentrations and with higher
specificity.
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Abstract:

The Na'/K'-ATPase (NKA) is an essential cation pump responsible for the maintenance of the
cell membrane potential. The creation of sodium and potassium gradients across the plasma
membrane is energized by ATP hydrolysis. Here we report molecular dynamic simulations of the
human NKA alfp1 isoform embedded into DOPC bilayer. We have analyzed the nucleotide
behavior within its binding pocket, which is located on the cytoplasmic headpiece of the NKA,
in a series of molecular dynamic simulations (ca. 2.5 ps of simulations in total). We found a
large number of stable nucleotide positions, which can be influenced not only by the enzyme
conformational changes, or the presence of cytoplasmic Mg cation, and by the protonation state

of residues in cation binding site (CBS), but not by the CBS-bound ions. Interestingly, we



observed that the binding of MgATP complex was substantially different when the sodium ions
in the bulk solution were replaced by the potassium ones, which can be a part of a feedback loop

for the pump functional regulation.

Introduction:

The sodium-potassium ATPase (NKA) is an essential membrane protein present in all animal
cells. It uses the energy from ATP hydrolysis to transport Na" and K" ions across the plasma
membrane, creating steep Na' ion gradient, which is a significant contribution to the plasma
membrane potential and a driving force for numerous secondary active transporters'.

The minimal functional unit of NKA consists of two main subunits denoted o and 3. The main
catalytic a-subunit is responsible for the cation transport as well as for ATP hydrolysis and
contains the transient phosphorylation site at Asp376 (human ol isoform sequence numbering).
The B-subunit acts as a chaperone’ and plays a role in K ion selectivi‘[y3 . It is anchored to the
membrane by a single TM helix, but most of its mass forms the extracellular domain of NKA.
Frequently, these two subunits are accompanied by a protein from the FXYD family, which is
tissue-specific and probably serves as an enzyme modulator *.

The catalytic a-subunit has 10 transmembrane (TM) helixes, and residues at TM4, TMS5, TM6
and TM8 form the cation binding sites (CBS). In the cytoplasm, there are three functional
domains, denoted as A (actuator), N (nucleotide binding) and P (phosphorylation site). The
extended N-terminus and cytoplasmic loop between TM2 and TM3 (C23) form the A-domain,
while the N- and P-domains are formed by cytoplasmic loop between TM4 and TMS5 (C45).

While there are numerous groups exploring the cation binding sites (CBS) within the TM
domain, the number of papers devoted to the analysis of nucleotide interaction with the enzyme

is significantly lower. Particularly, the molecular mechanism explaining the coupling of the ATP



binding and hydrolysis, occurring in the cytoplasmic part, to the conformational changes
observed in the TM domain, is still puzzling. Most of the reported experiments aimed at

elucidation of structural details of ATP binding were based on use of ATP-analogues

5,6,7,8,9,10 11,12,13

, site-directed mutagenesis and variety of indirect spectroscopic and biochemical
techniques. They, however, come from the period before the high-resolution structures were
known, and their interpretation must be evaluated rather carefully. On the other hand, the recent
X-ray crystallography determined structures (PDB entries 4HQJ," 3WGU,"” 3WGV ") contain
of all the nucleotides only ADP or, in the case of relative P-type ATPase SERCA, TNP-ATP'C,
However, this analogue is known to serve as enzyme inhibitor'’, and its position within the
binding pocket is probably slightly different from the natural ATP one'®. Binding of the natural
ATP has been displayed only in the case of isolated N-domain, by NMR (PDB entries IMO7"
1MO8"). Substantial limitation of these NMR based structures is the absence of the P-domain
containing the phosphorylation site. Despite none of the experiments being perfect (for critical
review, see 2°), there is a general agreement about the localization of the nucleotide-binding
pocket on the N-domain and the phosphorylation site on the P-domain.

To regulate the gating of the outward Na" and inward K" vectorial transport a sequence of
enzyme conformational changes enabling an alternative opening of pathways to CBS from
cytoplasm or extracellular milieu during the NKA pumping cycle is required. The
conformational changes are driven by the binding of various ligands and transient
autophosphorylation of the enzyme. The precise sequence of these complex interactions is a
topic of ongoing debates. The X-ray crystallography determined structures revealed that with the

sodium ions in the CBS, the cytoplasmic domains form a compact assembly (closed

conformation'?), while with potassium ions in CBS, they are well separated each from other



(open conformation®'). Moreover, it was proposed that charged residues in CBS change their
protonation state””, influencing the enzyme conformation and affinity to cations. One also has to
consider the Mg®" ions that are not transported across the plasma membrane, but are known to be
an essential NKA cofactor”™. Although numerous authors assume that they are bound to the
enzyme together with ATP as MgATP complex, recent experiments revealed that it makes good
sense to consider Mg”" and ATP binding as two different events in the catalytic cycle®*?.
Molecular dynamics (MD) simulations are able to monitor movements of all atoms in the
system and to assess even the distal effects of ligand binding. In our previous paper*®, we have
created the human sequence NKA model embedded into a DOPC bilayer and analyzed the
effects of various ligands on the opening of pathways for transported cations to CBS. We have
performed further simulations, and this report is focused on the nucleotide interactions with the
enzyme, monitoring the nucleotide binding protein residues and the nucleotide conformation. We
ran MD simulations with various combinations of nucleotide bound to NKA in the form of ATP
or ADP, in the presence or absence of Mg” jons, in two conformations of the protein

(open/closed), with different ions in the cation binding site (Na'/K"), and with different ions in

the bulk solution (NaCl/KCl).

Experimental Setup:

The protein is a homology model of human sequence (alB1FYXD2, Uniprot IDs P05023,
P05026 and P54710, respectively) based on the crystal structures with PDB ID 2ZXE*' (open
conformation) and 4HQJ'* (closed conformation). It was inserted into a DOPC membrane using
¢ membed”’ and hydrated in a 15x15x20 nm box. Periodic boundary conditions were applied in
all directions. To achieve more physiological environment, additional sodium, potassium and

chlorine ions were added to the bulk solution in concentration 154 mM of NaCl or KClI,



respectively. The main 100 ns-long simulation run was preceded by a 10 ns run with restrains on
the protein backbone movement. In the simulation with the closed protein conformation,
nucleotide molecule was in the position corresponding to ADP + inhibitor in the crystal
structure. In the open protein conformation, ATP was placed near F482 as argued in ref. **

(unless otherwise stated, all residue numbers correspond to human al sequence).

. .

Figure 1: Simulation box — the transmembrane domain of the a-subunit is in grey, A-domain in
cyan, N-domain in magenta, P-domain in yellow, B-subunit in pale orange, the FXYD protein in
light grey, the membrane lipids in white, bulk ions in red (chlorine) and blue (sodium or

potassium).



Force field used for the protein, ATP and ions was gromos53a6, the Berger force field®® was
used for lipids and parametrization according to ref. > was used for Pi and ref. *° for ADP.

The simulation was performed and evaluated using GROMACS 5.1.2°' and home-made
scripts. PyMol and VMD were used for data visualization. Residues binding the nucleotide were
found using PLIP with default settings’> and Maestro ligand interaction tool>> from the final
frame of a simulation, without water molecules and by analyzing residue distances during the
last 10 ns of the simulation using the GROMACS g mindist program. Residues closer than 0.35
nm to the nucleotide in more than a half of the final frames were taken into account.

Each simulation is a different combination of either open or closed protein conformation
(denoted as O or C in the simulation name), ions in the CBS (sodium or potassium), the presence
or absence of one magnesium ion at D736, different molecules at the cytoplasmic domains (ATP,
ADP, Pi) and with either sodium or potassium cations in the bulk solution (the latter denoted as
KSOL). In the majority of the simulations, the CBS residues were deprotonated; in some of the
simulations (denoted by prefix h), E344, E786 and E961 were protonated as argued in refs 34
and 22. The full list of acronyms for various simulation setups is in the Table SI in

Supplementary Information.

Results and Discussion
High Resolution Structures Nucleotide Binding

The first experimental information about the nucleotide binding site came from the NMR-
determined structure of isolated N-domain in complex with ATP (IMO8'’). The N-domain is
composed of five alternating B-sheets and a-helices and the ATP was bound in the pocket formed

by the ends of sheets $3 and f4 (F482, K487 and K508-E513), with the contribution of the lower



part of sheet 5, and hydrogen bonding between adenine moiety and GIln489 was observed (Fig.

2).

Figure 2: The N-domain structure 1MO8, colored according to the residue number blue to red,
sheets and helices labeled according to ', aligned to the open structure of NKA. ATP binding

residues F482, K487 and K508-E513 are displayed in lines.

There are three NKA crystal structures with bound nucleotide (4HQJ 4 3WGU" and
3WGV"). In all cases, they were obtained for a state with the enzyme in the closed conformation
with three Na" ions bound in the CBS and the nucleotide in the form of ADP and AlF, ion
serving as a phosphate analogue. An Mg>" ion is also present in the proximity of phosphate
chain; moreover, two such ions were reported in 3WGU and 3WGV.

In the 4HQJ crystal, adenine is held by n-stacking interactions at F482 and by hydrogen bonds
by D450 and S452. R551, R692 and H620 bind the ribose in the crystal (Fig. 3). T378 and N720
take part in the phosphate chain binding, D376 binds AlF,4. In 3WGU, adenine is bound by the

same residues as in 4HQJ, with the addition of E453. V552 and R692 bind the ribose, K377,



T379, K487, S484, R551, D619 and N720 take part in the phosphate chain binding. In 3WGV,

the ADP is bound similarly to 3WGU, only R551 doesn’t bind the phosphate chain but the

ribose, and K377 does not participate in binding.

; Yiach

SNG5 ) { \(\)/}’“/vl/&d /./ |
e ﬂl(gﬁ/ L
= ‘\% f&‘ -‘ A

E

.. K487 i 3
’"‘13\@/,
t\p/o\// o
N /\,/\O/
1378 2 R682%T R551 R551

N720

R692 “A510

Figure 3: The nucleotide binding site in 3WGU (A), in 4HQJ (B) and the nucleotide position of
hC 3Na Mg ADP Pi in the first frame after the 10 ns prerun (C) as calculated by PLIP. A-
domain is in cyan, P-domain in yellow, N-domain in magenta, Mg*" ion in a ball representation
white, Na" ion blue. The corresponding ligand interaction diagrams are below as D, E, F,
respectively. Charged negative residues are in red, charged positive in dark blue, polar in light
blue, hydrophobic in green, glycine in white, metals in grey. Interactions are: m —r stacking green

line, H-bond with sidechain purple to red, metal interactions in grey.



We compared also the crystal structures with the structures in the simulations under
corresponding conditions. In line with experimental data previously published for SERCA*®, our
simulations indicate that there may be differences between enzyme/ligand geometries observed
in the crystals and geometries for the molecules that form the complex in the solution. In the
hC 3Na Mg ADP Pi structure after 10 ns prerun, the ADP is bound similarly to the 4HQJ
crystal, but the adenine moves away from S452 towards Q489. In addition to N720, the
phosphate chain is bound by D717 instead of H620 and R692. Unlike AlF,, which stays near
D376, the phosphate is bound not only by D377 and T378 but also moves towards the segment

T617-D619 (Fig. 3).

The Nucleotide Binding Sites

The nucleotide adopts different positions depending on the presence of other ligands, enzyme
conformation and nature of cations in the solvent. Based on the PLIP*® analysis of direct
nucleotide interactions with amino acids, we could sort the most frequently present residues into
five major clusters (Fig. 4). Residues mentioned here are taking part in binding in at least five
simulations; those present in more than ten simulations are in bold. These results are
corroborated by both ligand interaction diagrams and the residue distance analysis from the last

10 ns of simulations.
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Figure 4: Nucleotide binding site in the open (left) and closed (right) conformation of the NKA.
A-domain is in cyan, P-domain in yellow, N-domain in magenta. The residues in
abovementioned sites are in stick representation. Site P1 in orange, P2 yellow, P3 and N2

different shades of red, N1 in purple. K487, R513, H620, and R692 are displayed in lines.

Phosphate sites are well located on the P domain. Site PI consists of the phosphorylated D376
identified by mutagenesis studies’® and neighboring K377 and T378. These residues bind the
terminal ATP/ADP phosphate and the Mg®" or bulk ion, which is in a good agreement with
finding that this segment is proximal to ATP, as revealed by iron-oxidative cleavage experiments
(Fe*" is Mg analog)’’. Site P2 is made by residues T617, G618, D619 and this site takes part in
binding of the ATP/ADP phosphate chain and/or ribose. Site P3 is located opposite to site P2
with respect to D376, and it is comprised of K698, and residues D717, V719, N720 and D721,
which have been previously identified as Mg®"-binding site®®, thus supporting our findings.

This site takes a direct part in the nucleotide binding less frequently than the previous ones,

because the bound ion (especially in the simulations without magnesium present) is situated
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between this site and the phosphate chain of the nucleotide. This effect is less pronounced for
K698 as there is a hinge between the helix, where it is located, and the D717-D721 loop, which
is also closer to the A-domain and can be influenced by its movements.

The binding sites on the N-domain binding sites are a less defined, but there are still residues
that bind the nucleotide with high frequency. The N-domain is also rich in residues with long
side-chains (e.g. arginine or lysine), which can reach relatively far into the space between the
domains. Site N1 ends at the hydrogen bond between the backbone of Q489 and K508 on sheets
B3 and P4, respectively, and it is lined by these two residues, which were identified previously to
participate to the nucleotide binding'>'"****’. In the last 10 ns analysis, G509 (identified in the 2-
azido-ATP labeling experiments® and A510 also appear close to the nucleotide. The crucial ATP-
coordinating residue F482'? (on the loop connecting B2 and B3), where the ATP in the open
structures was placed, is located in the vicinity of the binding site N1, but the m-stacking
interaction between this residue and the nucleotide was not observed in the final frame analysis,
possibly due to strict PLIP and ligand interaction binding criteria for m-stacking. However it is
present in more than two thirds of the simulations in the analysis results from last 10 ns of
simulation. Site N2 consists of the main chain parts R551 and V552 at the start of the B5 strand.
It binds the ribose or nucleotide of ATP/ADP, depending on the orientation of the molecule in
the binding pocket, which is in agreement with previous mutagenesis experiments *'. In the
analysis from the last 10 ns of simulation, L553 is also in the vicinity to the nucleotide and,
similarly to V552, can take part in its binding with its backbone.

K487 identified to contribute to the ATP binding by both labeling and mutagenesis
experiments >*' was not included in any of the previous binding sites, even though it takes part in

nucleotide binding in more than 80% of the simulations. It typically contributes to phosphate
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chain binding with its sidechain, but it can also bind the adenine part with its main chain. This
dual role is in line with conclusions based on experiments with analogs pyridoxal 5’-diphospho-
5’-adenosine and pyridoxal phosphate’.

Given the fact that ATP in the open simulations was placed near F482 on the N-domain, and
the large distance between cytoplasmic domains, it is not surprising that the nucleotide binds to
the P-sites only in the simulations with the closed conformation. H620 and R692 can, however,
extend their sidechains out to the space and therefore reach far enough to capture the phosphate
chain of the ATP even in the open conformation of the domains. In the closed conformation
H620 faces outwards, where it binds the adenine in hC 2K Mg ATP, while R692 does not take
part in nucleotide binding.

R513 is on the outer side of the N-domain a4 loop and takes part in binding the nucleotide
outside the N-domain binding sites, in the simulations where ATP leaves the N-domain binding
pocket.

Previous experiments revealed that the above mentioned amino acid in the clusters play
important role in the interaction with the nucleotide. They are also part of the sequences
376DKTGTLT, 508KGAPE, 615SMVTGD and 712VAVTGDGVNDS, which are conserved

among P-type ATPases", indicating that they are essential for the enzyme function.

The Nucleotide Conformation

Large number of experiments has been performed with various ATP analogues. From the point
of view of NKA function, some of them can serve as enzyme substrates, others as inhibitors.
Previous experiments revealed that the ribose flexibility is preserved in the former group, while

modification results in ribose fixation in C2 -endo or C3’-endo conformation in the latter!’.
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Hence it seems that the nucleotide conformation plays an important role and it must vary during
the catalytic cycle.

The nucleotide conformation can be described using different dihedral angles®. The ribose
carbons dihedral angle C1°-C2’-C3’-C4’ was evaluated to describe the conformational changes
of the sugar moiety. C1°-C2’-C3’-C4°>180 corresponds to the C2’-endo conformation, while
CI’-C2’-C3’-C4°<180 corresponds to the C3’-endo one. The relative position of the adenine

with respect to the ribose is described by the O4’-C1°-N9-C4 dihedral angle (Fig. 5).

A, N9 Cg
L

180
frans

Figure 5: The angle circle and the dihedral angle between the ribose carbons and between the
ribose and the adenine. The positive values are in the clockwise direction viewed from the first
bond, letters correspond to the sp, synperiplanar; sc, synclinal, ap, antiperiplanar; ac, anticlinal

positions respectively.

The angles measured during all the simulations show that there are two main conformations of
the adenine moiety — one at about 50+£20° (+sc), another one at about 250+£35° (-ac). The adenine
angle is, interestingly, more varied in the closed conformation, while in the open conformation
there is a distinct trend of a time dependent angle change, with several simulations ending in the
+sc area at the end of the simulation. The angles in the open conformation seem to be more

evenly spread around the 60° value, while in the closed conformations, they are shifted towards
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45°. Contrary, the angles in the closed simulations are more evenly spread across the —ac area,

while the open ones are shifted towards 250°.
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Figure 6: The area where most of the dihedral angle values are present for ribose (A) - light blue
depicts the angle range where most of the values lie in all the simulations, and dark blue depicts
the most frequent angle range for the simulations with bound ADP. The other images show the
angle between ribose and adenine, with the pink area depicting the angle range where most of the
values lie in all the simulations and in B) purple highlighted area shows the angle range for
simulations with MgATP and deprotonated CBS, while crimson shows the angle range for
simulations with MgATP and protonated CBS in open and closed conformations. In C, the violet
highlighted area shows the ribose-adenine dihedral angle range for simulations with KCI in the

bulk solutions for simulations with bound ATP or ADP+P4i, respectively.

The ribose angles in the C2’-endo conformation are spread more around 330° in the closed
conformations and at 340° in the open ones and at about 35° in the C3’-endo conformation. The
largely prevalent ribose conformation is the C2’-endo; the C3’-endo is present only in three
simulations, C_3Na Mg ATP, C 2K Mg ATP, and C 2K Mg ATP KSOL. As can be seen,

the conformation of the protein changes also the preference of conformation of the ATP bound.
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The Effect of Ligands

ATP vs. ADP+Pi
Our simulations revealed that ATP can be located at numerous binding sites and adopts

variable conformations with respect to both adenine and ribose angle. Only in the simulations
with ATP in the absence of magnesium ion (C 3Na ATP, C 3Na ATP KSOL), the nucleotide
stays in a position similar to the crystal one — with the adenine in the vicinity of the N1 site and
the ribose at R551 (C 3Na ATP) or with the ribose near the P2 site residues
(C_3Na ATP _KSOL, with R551 contributing to the phosphate chain binding). In
C 3Na Mg ATP, the adenine is fully in the N2 site and the ribose O4’ is held by R551 while
02’ and O3’ are turned towards the bulk solution (since 63 ns).

In the open structures, the nucleotide can in principle move more freely; nevertheless, it stays
mostly in the vicinity of the binding sites N1 and N2. However, although the ATP molecule was
originally placed in the vicinity of F482, the adenine usually moved away from the residue. In
the simulations with ATP and magnesium and deprotonated CBS (O 2K Mg ATP,
O 3Na Mg ATP), the nucleotide remains in a similar position to the one in the closed
conformation, with the adenine in the N1 site and the ribose in the N2 site. In O 3Na Mg ATP,
E453 of the 02 helix also takes part in nucleotide binding. In the simulations without
magnesium, the nucleotide position is more variable —in O _3Na_ATP the ribose moves from the
N2 site towards the a5 helix and the P-domain, while the adenine points into the bulk solution,
while in O_2K ATP the whole nucleotide is in the position between the N- and A- domains.

The ATP is hydrolyzed to ADP and inorganic phosphate during the catalytic cycle, and
logically, it is expected that this reaction occurs when the cytoplasmic domains are in the closed
conformation, where the y-phosphate approaches the phosphorylation site. We tested this by

replacing ATP by ADP+Pi and these simulations were run in two different setups. Either the
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ADP+Pi were placed directly into the initial structures based on crystals (these are denoted
ADP_Pi in the acronym) or after the end of selected simulations ATP molecule was replaced by
ADP and phosphate (denoted as ATP2D). In general in the ADP-bound simulations, the
conformation variability of the nucleotide is much lower compared to the ATP-bound ones; in
particular, the ribose angle spread is very narrow around 325° in the simulations with ADP (Fig.
6). The free phosphate (Pi) is bound either in the P1 site (K377, T378) or in the P2 site (T617,
G618).

In the simulations with ADP+Pi, starting from the crystal structure, the nucleotide moves away
from the N domain binding sites, partially in C 3Na Mg ADP_Pi (the adenine is between K487
and R551) or completely in C 3Na Mg ADP Pi KSOL, where the nucleotide hangs between
the N-domain’s o4 helix and the P-domain (Fig. 7). If the ATP is replaced by ADP+Pi with Na"
in the CBS (C_3Na Mg ATP2D), the nucleotide is held between the N2 site and K487, while
both the 02’ and O3’ of the ribose are held by D450 of the 02 helix (since 90 ns). The simulation
where ATP was exchanged for ADP+Pi with K in CBS (C_2K_Mg ATP2D) differs from the
others. The phosphate leaves the binding site and moves freely in the bulk solution in this
simulation, and the nucleotide turns so that the adenine is between the N2 site and the f4/a4

loop, and the ribose points towards K487.
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Figure 7: The final frames of simulations C 3Na Mg ATP (A), C 3Na Mg ADP Pi KSOL

(B), C_ 3Na Mg ATP2D (C) and C 2K Mg ATP2D (D) A-domain in cyan, P-domain in

yellow, N-domain in magenta, Mg>" ion as a white sphere.

Effect of MgZ+ and protonation of CBS
In general, magnesium ions have stabilizing effect on the protein and on ligand-binding. In the

simulation C 2K ATP without magnesium ion, the nucleotide moves away from the N2 site
completely and it is held only between the N1 site (adenine) and D619 of the P2 site (Fig. 8B). In
the simulation with protonated CBS (hC_2K_ ATP), the adenine is in the vicinity of the N1 site
and the ribose is held only by the sidechain of R551. D430 of the loop between the al and a2

helices takes part on the phosphate chain binding. In hO 2K ATP the nucleotide moves between
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the N- and the P- domains. In hO 3Na ATP the adenine moves to the N2 site and the ribose

shifts towards the a4 helix.
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Figure 8: The final frames of C 2K Mg ATP (A), C 2K ATP (B) and O 2K Mg ATP
(C),hC 2K Mg ATP(D), hC 2K ATP (E), hO 2K Mg ATP(F), hO 3Na Mg ATP(QG),
hO 3Na ATP(H), hO 2K ATP(I). A-domain is in cyan, P-domain in yellow, N-domain in

magenta, Mg®" ion as a white sphere, Na' ions as blue spheres.
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The influence of Mg®" on nucleotide can be understood only when other factors are taken into
account. The analysis revealed that if the enzyme has deprotonated residues in CBS, the adenine
angle in the Mg®" presence is restricted to 55°+10°, corresponding to +sc conformation. When
the CBS are protonated, this angle is around 270° for the enzyme in closed conformation and
around 240° (-ac) for the enzyme in the open conformation (Fig. 6).

In the simulations with closed conformation of the protein and protonated CBS, potassium in
the CBS and magnesium at the phosphorylation site (hC 2K Mg ATP), the ribose is held
between the N2 site and the P domain, while the adenine is out of the binding pocket and stays at
R513 of the a4 helix. In the simulations with open conformation and protonated CBS, the
nucleotide can also move considerably. It stays in the vicinity of Q489 and R430 in
hO_2K Mg ATP, with the ribose in the N2 site, while it is between the N- and A- domains in

hO_3Na Mg ATP.

Effect of the transported cations
In the traditional description, the pumping cycle is depicted by the Post-Albers scheme, in

which the enzyme conformation switches between states E1 and E2 with high affinity to sodium
or potassium ions, respectively. In the experiments, high concentration of sodium or potassium is
used, in order to force the enzyme to adopt one of the abovementioned conformations and it has
been known for a long time that the enzyme has high or low affinity to the nucleotide in these
states, respectively **.

The nature of cations in CBS seems to have rather little effect on the nucleotide binding
interactions and most of the residues bind in a similar fashion regardless of the ions in the
CBS.In contrast, the nature of cations in bulk solution can affect the nucleotide binding.

Normally, the simulations were performed with sodium ions in the bulk solution, but in five
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cases, they were substituted by potassium ions. Also here, residues from all binding sites can
take part in the nucleotide binding, with the exception of site P3, where only D717 takes part and
only in one simulation. In the simulations with KCI in the bulk solution, the adenine angles fall
into narrower areas — around 50° for ATP around 240° for the ADP (Fig. 6). In

C 3Na Mg ATP KSOL simulation, the nucleotide adopts completely different position and it is

located between the B4 and B5 sheets with the ribose held by D450 of the a2 helix (Fig. 9).

Figure 9: C 3Na Mg ATP (left) and C 3Na Mg ATP KSOL (right). A-domain is in cyan, P-

domain in yellow, N-domain in magenta, Mg”" ion as a white sphere.

This observation can have interesting consequences for the enzyme function. The goal of the
enzyme under normal physiological conditions is to expel sodium ions and bring potassium ions
to the cytoplasm. Our observation suggests that this cation exchange can influence the enzyme

affinity to the nucleotide, which can serve as a kind of feedback for the enzyme function.
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Conclusions

The nucleotide interaction with NKA is one of the key events in the pumping cycle and the
ATP hydrolysis provides energy for whole the cation transportation process. Our simulations
revealed that the nucleotide interaction with NKA is a very dynamic event and that there is a
large number of various stable nucleotide positions when it is bound to the enzyme. The position
of the nucleotide is influenced not only by the conformational state of the enzyme, but also by
the presence of other ligands, and interestingly, also by the nature of cations in the bulk solution.
Consequently, it seems that nucleotide binding affinity is not constant during the catalytic cycle,
and experimentally determined values are either valid only for the given state under given

experimental conditions or averaged values for multiple substates.
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SHRNUTI

Na'/K*-ATPasa (NKA) je esencidlni membranovy protein pumpujici sodné a draselné ionty
pfes bunéénou membranu za spotfeby ATP. Timto vytvaii gradient sodnych ionti, ktery je
soucasti membranového potencialu. NKA se vyskytuje ve vSech zivociSnych bunkach a
poruchy jeji funkce vedou ke zdravotnim problémim jako hypokalemie, Sedy zakal, zvySeny
krevni tlak a ztoho vyplyvajici komplikace az po zavazné poruchy nervové a svalové
¢innosti.

Pro stadium vlastnosti NKA byly vyuzity dvé rizné metody vypocetni biologie — molekularni
dynamiku a dokovani. Molekularni dynamika vyuziva soubor parametri (silové pole)
K popisu vlastnosti atomi a interakci mezi nimi, na zakladé kterych je mozné zjistit zménu
polohy vSech atomii daného systému a nasledné pohyby a konformaéni zmény celé
biomolekuly. Pomoci této metody byly popsany kanaly pro pohyb vody a ionti
transmembranovou ¢asti NKA

Molekuldrni dokovani na rozdil od molekularni dynamiky povazuje protein za rigidni
molekulu, do které se pak snazi navazat mobilni molekulu inhibitoru a spocitat jeji afinitu
k danému vazebnému mistu. Tuto metodu jsme pouzili pro zkoumani vazby flavanolignant a
quinolinonti na otevienou a zavienou konformaci NKA.

SUMMARY

Na'/K'-ATPase (NKA) is a membrane protein present in great amounts within all cells,
where it maintains sodium ion gradient. In the brain, it takes part in the rapid repolarization of
neurons between neural impulses, or potassium clearance. In heart and muscles it facilitates
ion exchange necessary for their function and in kidneys it handles sodium and fluid
reabsorptions. Mutations in the genes encoding this protein can result in several neurological
disorders, muscle dystonia or hyperkalaemia and hypertension.

This thesis focuses on studies of the Na'/K'-ATPase by the methods of computational
biology. Molecular dynamics studies of the protein in different environments were performed
to depict the movements in the transmembrane part (opening and closing of ion pathways)
and cytoplasmic part (with respect to the binding of ATP and ADP).

Molecular docking studies were used to describe the interactions between the Na*/K*-ATPase
with two groups of small organic compounds — flavonolignans (currently used as anti-
inflammatory and liver-protection medicaments) and quinolinones (potential anti-cancer
drugs).
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Introduction

Membrane proteins play a crucial role in regulating cellular environment and cell-to-cell
communication. They also serve as targets or transporters for various medically active
compounds. However, due to the fact they often contain a large hydrophobic part, or require
to be inserted in a lipid environment, they remain a challenge for experimental studies.

Na'/K*-ATPase is a membrane protein present in great amounts within all cells, where it
maintains sodium ion gradient. Mutations in the genes encoding this protein can result in
several neurological disorders, muscle dystonia or hyperkalaemia and hypertension.

Computational biology uses the available information about protein sequence and structure to
build a model, which can be further analysed in static or dynamic studies. Molecular
dynamics simulates the time-depended evolution of the protein model. It captures large-scale
movements and dynamic events that are beyond the reach of experimental methods.
Moreover, it allows to observe the protein properties in a more physiological environment that
the one necessary for obtaining crystal structures. Molecular docking treats the protein model
as a receptor for a small organic molecule and calculates binding affinities of the protein-
ligand complex. It is widely used as a tool of evaluating biologically active compounds and
their potential use as pharmacological drugs



1. Theory

1.1. Subunits of Na'/K"-ATPase

The Na'/K*-ATPase (NKA) is an essential membrane protein that is present in all animal
cells in a tissue specific manner. It transports three intracellular Na* and two extracellular K*
ions across the plasma membrane to create a sodium ion gradient, which is a part of
membrane potential. Moreover, sodium gradient is used as a driving force for several
secondary transporters (such as glucose transporter, or Na*/Ca®* exchanger).

The smallest functional unit of NKA is a heterodimer of two subunits denoted o and . NKA
can also associate with a protein of the FXYD family, formerly denoted as subunit y.

1.1.1. Subunit a

Subunit a is the main catalytic subunit of the NKA. It weights approximately 110 kDa and has
ten transmembrane (TM) helices. The large cytoplasmic loops between helices TM2/TM3
(C23) and TM4/TM5 (C45) form cytoplasmic (A-, P- and N-) domains that bind ATP and
undergo phosphorylation. The A-domain (actuator) consists of the N terminal part of the
subunit and C23 loop. It rotates during the reaction cycle, the movement also influencing the
cytoplasmic part of TM2. The P- (phosporylation) and N-(nucleotide) domains are located on
the C45 loop. The N-domain is comprised of the middle of the loop, while the P-domain
consists of two parts — before and after the N-domain. The ATP molecule required for ion
pumping is stretched between the N- and P-domains.

We studied the nucleotide binding in different molecular dynamics simulation setups in
publication 1V.

The helices in the transmembrane part of NKA form the cation binding site (CBS) for the
transported ions and several pathways for these ions (and water) to reach the CBS. There are
three cation binding sites (CBS). The binding and potential transport of protons through the
CBS has also been discussed. Recently it was suggested that the opening and closing of the
pathways is controlled by CBS residue protonation.

We studied the influence of different ligands and protonation on the opening and closing of
ion pathways leading to CBS in publication I.

1.1.2. Subunit B

The B subunit is located mostly in the extracellular environment, with one transmembrane
helix (TMP) at the N-terminus. The presence of B subunit in H'/K*-ATPase, but not in the
sarcoplasmic Ca*-ATPase (SERCA), suggests that B subunit is also necessary for potassium
transport. B subunit also serves as a molecular chaperone which allows the protein to fold
properly and plays a crucial role in the protein maturation.

1.1.3. The FXYD Family Proteins



The FXYD family proteins are a group of tissue specific NKA regulators, which consist
mostly of one transmembrane helix. The FXYD helix is located next to a subunit TM9 and
TMp and connects with them on the extracellular side by the specific FXYD sequence One of
the most frequently present FXYD proteins in the human body is FXYD2, which is present in
kidneys and is also present in all the crystal structures.

1.2. Available Structures

There are several high resolution NKA structures in the Protein Data Bank (PDB) archive. All
structures of the whole NKA were obtained by the X-ray crystallography with different
resolutions. They can be divided into two groups according to the conformational state of the
protein (Figure 1)

Figure 1: Open (left) and closed (right) crystal conformations. The transmembrane part of o
subunit is in dark grey with cytoplasmic domains in cyan (A-domain), magenta (N-domain)
and yellow (P-domain). The f subunit is in pale yellow, the FXYD family protein in light grey.
CBS ions are in purple (potassium) or blue (sodium; between the domains there is phosphate
in orange, ATP in black with orange phosphate chain. Red colour highlights the main
structural differences of TM helixes between the open and closed conformation.



The most prominent feature of the open conformation of the NKA is the position of the A-
and N- domains wide apart (about 3.5 nm). There are two main groups of the open crystal
structures based on the phosphorylation state of the protein. Structures with bound MgF,> as
a free phosphate analogue (mimicking the E2-Pi state) and structures with phosphorylated
D376 (or corresponding residue in porcine or bovine form, mimicking the E2-P state). The
cytoplasmic domains of the closed structures are closely packed together, with an ADP
molecule in the binding pocket between the N- and P-domains.

1.3. The Reaction Cycle

The basics of the NKA reaction cycle were already outlined in the 1960°’s by Post and Albers
and later refined by other authors. The main feature of the Post-Albers diagram is dividing the
protein conformations into E1 and E2 states. However, the definitions of the states are stated
with respect to affinities to ions (E1 with high affinity to sodium and E2 with high affinity to
potassium) or ATP (E1 with high ATP affinity and E2 with low ATP affinity). Currently,
both the ion affinity and ATP affinity definitions of the states are in use.

The reaction cycle can be described as the sequence of following steps: ATP binding —
intracellular sodium binding — protein phosphorylation — ADP release — extracellular
sodium release — extracellular potassium binding — protein dephosphorylation —
intracellular potassium release — ATP binding.

1.4. Compounds Interacting with Na'/K*-ATPase

Compounds influencing the NKA function have been long used in the treatment of heart
problems, to promote blood circulation or, more recently, are in the clinical trials for cancer
therapy. On the other hand, in higher doses, they can induce acute organ failure ] and were
used in poison arrows..

1.4.1. Cardiotonic Steroids

The largest group widely used group of NKA active compounds currently used in medicine
are cardiotonic steroids (CTS). Even though ouabain and digoxin are used in the treatment of
congestive heart failure and atrial arrhythmias; however, their toxicity requires only low doses
to be administered.

1.4.2. Flavonolignans

Flavonoids are a group of compounds present in extracts from medical plants. They have been
shown to possess antioxidant, antibacterial and anti-ageing properties. A standardised extract
from the milk thistle seeds is called silymarin.
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Figure 2: Compounds present in silymarin. Flavonoid part is in blue, lignan part in red.

In publication Il we examined the inhibitory effect of different silymarin flavonolignans on
NKA using both experimental and computational approach.

1.4.3. Quinolines

Quinoline and its derivatives are a diverse group of pharmacologically active compounds,
exhibiting antibiotic, antitumor or anti-inflammatory activities. 4-hydroxyquinoline is a
tautomer of 4-quinolone, a skeletal structure of a wide range of antibiotics .

Figure 3: The structure of phenylquinolone and sites of chemical modifications.

In publication 111, we studied the interactions of chloro- and floro-derivatives of 3-hydroxy-2-
phenylquinolin-4(1H)-one with NKA using activity measurements and the methods of
computational chemistry and biology.

1.5. Computational Methods in Biology

1.5.1. Homology Modelling

To build a reliable model, a homologous protein of a known structure is necessary, ideally
with a high similarity of the sequence. Then the sequences are aligned and a template
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structure is selected, either manually or as a part of the modelling software. The homology
model sequence is then built as close to the template structure as possible, while taking into
the account amino acid differences. The new structure is optimised to avoid steric clashes.

1.5.2. Molecular Mechanics

Molecular mechanics (MM) describes systems using classical mechanics to evaluate the
energy of the system and it can be used for larger systems than quantum mechanics.

1.5.2.1. Force Fields

To simulate the properties of different atoms and interactions force fields are implemented.
They consist of a series of equations describing bonded and non-bonded interactions and
constants describing atoms which can be parametrised empirically .The total potential can
then be described as:

Viotal (7, 8) = Vpondaea (s S) + Vnon—bondaea (T, S),
where r is the position of the atoms and s force field parameters.
1.5.3. Molecular Dynamics

Molecular dynamics (MD) is a computational method that allows the simulation of systems in
an environment close to physiological and on a timescale of the biological processes. It is
based on periodic calculations of potentials and velocities of the atoms in the system.

1.5.3.1. Molecular Dynamics Algorithm

The potential energies of the system are in a given steps are calculated using a MM force
field. Then, in a certain time step (usually 2 fs for biological systems), the atomic forces in the
system are computed using the second Newton’s law. Moreover, we can to describe the
change of the coordinates caused by this force. In practice, the MD algorithm can calculate
both the velocities (v) and coordinate change (x) in the same time step or the velocities and
coordinate change can be calculated in alternating half-steps as in the leap-frog algorithm.

1.5.4. Molecular Docking

Molecular docking is a method used in computational drug design to describe and evaluate
the binding of small molecules to proteins. It consists of two main steps — a binding
conformation search and the binding energy evaluation. In some cases, a structure of a drug
within the target protein is known beforehand and can be used as a reference for the docking
evaluation.

15.4.1. Conformation Search

Usually, the whole target protein (with the possible exception of a known binding site) is
considered to be a rigid structure and does not move in the course of docking. Therefore, the
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main objective of this step is to generate different conformations of the ligand (based on the
number of rotable bonds) and to fit them into the target protein structure.

1.5.4.2. Energy Evaluation

To evaluate the binding energy of the ligand a free binding energy between the target protein
and ligands can be used. It features similar contributions to molecular modelling potentials,
but with more focus on evaluating different non-bonded interactions and ligand properties.

As in the case of the optimisation algorithms, the exact method of binding energy evaluation
differs widely among docking programs, which can also use a combination of different
approaches

1.6. Previous Simulations of Na'/K*-ATPase

1.6.1. Homology Models

Homology models NKA were used to support and explain experimental data in numerous
cases. The main goal of static homology models of the whole a subunit of NKA was to
discover and describe the cation binding sites, especially the location of sodium binding sites,
ultimately, placed between TM5, TM7.

NKA has also been a target of molecular docking studies of compounds found in Chinese
medicines. All studied compounds bound the extracellular pathway, similarly to ouabain, but
differed by the depth of insertion Fluorone dyes were docked into a human-sequence
homology model of the protein in the open conformation and into the closed C45 loop

1.6.2. Molecular Dynamics

Molecular dynamic studies of the whole NKA started to appear as the first NKA crystal
structures were available, which together with the lowering cost of high-performance
computational systems led to better achievability of whole protein computational studies.

A set of structures was created to examine the role of a mutation in the C-terminal region of
the o subunit. The simulations showed a C-terminal water pathway leading to sodium-only
binding site. The pathway was suggested to serve as a way for proton movement form the
cytoplasmic side to CBS as a possible explanation of previous studies. A pKa analysis
followed by simulations the open conformation, lead to the conclusion that the protonation
leads to CBS selectivity for potassium and ensure the stability of CBS in the E2-P state.

2. Simulation Setup

2.1. Molecular Dynamics

The protein structure was based on the crystal structures with PDB IDs 2ZXE for the open
conformation, and 4HQJ for the closed conformation. Homology models with the human
a1f1FXYD2 sequence were created using MODELLER 9.9 package and Uniprot IDs
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P05023, P05026 and P54710 respectively. The simulations were performed and processed
with GROMACS 4.5.4 .Tunnel analysis was performed by MOLE 2.0 and ligand binding
analysis was performed by Maestro ligand interaction tool and by PLIP 1.2.

Several different combinations of protein conformation, CBS ions, CBS residue protonation,
cytoplasmic domain ligands and bulk ions were created to simulate NKA in different points of
the reaction cycle.

The protein was inserted into a dioleoylphosphatidylcholine (DOPC) bilayer in a 15x15x20
nm hydrated box. To simulate conditions closer to physiological, ions corresponding to 154
mM of NaCl or KCI were added to the system. The system was minimised and 10 ns prerun
with fixed protein backbone was performed before each simulation. The main run was
performed with time step 2 fs, for 100 ns, at 310K.

2.2. Molecular Docking

The protein models for molecular docking were crystal structures with PDB IDs 3KDP (open
conformation) and 4HQJ (closed conformation) or human sequence homology model — the
starting point of simulation C_3Na_Mg_ATP. The structures of organic compounds for
docking were obtained by DFT calculations by M. Biler.

The structures were prepared for docking by Autodock Tools 1.5.6, with all single bonds
remaining rotable. The docking was performed by Autodock Vina 1.1.2 with the grid
covering the whole protein (exhaustiveness set to 400 and num_modes to 9999).

3. Results and Discussion
3.1. Simulation Properties

3.2. lon Pathways

The main function of NKA is to transport sodium ions against concentration gradient out from
the cell and potassium ions inside. To achieve that, ions must move into the CBS, where they
are occluded, before they are released on the opposite side of the membrane. Therefore, the
knowledge of molecular pathways and when in the reaction cycle they open and close, is an
large important step towards better understanding the details of protein function and the way
how a mutation impacts its function leading to a disease.

We identified five different ion and water pathways leading to the cation binding site from
both intracellular and extracellular side of the membrane (Figure 4). Three of them — the N-
terminal, the C-terminal and the extracellular pathway had been described before. The
TM3/TM7 and TM6/TM9 pathways are novel.

13



N-terminal

Extracellular ) ' ' Vs

Figure 4: The pathways from the view parallel to the membrane (A) and from the
intracellular side (B) .

Moreover, we observed various dynamic properties of the pathways, such as their opening,
closing, or movement of water molecules and ions from the bulk solution to the CBS.

3.3. Nucleotide Binding

3.3.1. The Nucleotide Binding Modes

To describe the nucleotide binding, several simulations with bound ATP and ADP+Pi and
different combinations of ions in CBS and the bulk solution were analysed. We used three
different methods (PLIP, ligand interaction diagram, both for the last frame of the simulation,
and analysis of residues closer than 3.5 A from the nucleotide in the last 10 ns of the
simulation) to depict the nucleotide binding. We identified five different binding sites on the
P- and N-domain (Figure 5).

Q489
ke N
K508 k508N 1
V552 V552 “Rss1C
R551 : r 57,

N2
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Figure 5: The nucleotide binding sites in the open (left) and closed (right) conformation of the
protein. A-domain is in cyan, P-domain in yellow, N-domain in magenta, ATP in black. The
residues taking part in nucleotide binding are in stick representation. Site P1 in orange, P2
yellow, P3 and N2 different shades of red, N1 in purple. K487, R513, H620, and R692 are
displayed in lines.

The residues of the above mentioned nucleotide binding sites also take part in ADP binding in
the available crystal structures. Our simulation results are also in good agreement with the
fact that the N- and P-domain sequences 376DKTGTLT (site P1), 508KGAPE (site N1),
615MVTGD (site P2) and 712VAVTGDGVNDS (site P3) are conserved among the P-type
ATPases.

3.3.2. The Nucleotide Binding Conformations

Apart from the position of the nucleotide on NKA, we also studied the different
conformations of the nucleotide itself. To describe them, we defined two dihedral angles. The
angle describing the conformation of ribose (because compounds with immobile ribose have
been shown to be NKA inhibitors) as the ribose carbons dihedral angle C1’-C2’-C3’-C4’ and
the dihedral angle between ribose and adenine as O4’-C1°-N9-C4 (Figure 6). The C1’-C2’-
C3’-C4’ angle larger than 180° corresponds to the C2’-endo conformation while the angle
smaller than 180° corresponds to the C3’-endo conformation of the ribose.
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Figure 6: The circle of possible angles and depiction of the the dihedral angle between the
ribose carbons and between the ribose and the adenine.

Collectively, the angles between different parts of the nucleotides show that there are several
possible conformations of the nucleotide in the binding pocket on the protein, documenting
the flexibility of the nucleotide necessary for NKA substrates. Interestingly, the ions in the
bulk solution also influence the nucleotide binding, suggesting a possible feedback loop for
NKA regulation.
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Figure 7: The area where most of the dihedral angle values are located for ribose (A) - light
blue depicts the angle range where most of the values lie in all the simulations, and dark blue
depicts the most frequent angle range for the simulations with bound ADP. B and C show the
angle between ribose and adenine, with the pink area depicting the angle range where most of
the values lie in all the simulation.

3.4. Molecular Docking of Potentially Therapeutic Compounds

3.4.1. Flavonolignans

A series of flavonolignans was obtained in the collaboration with laboratory of V.Kfen from
the Institute of Microbiology of the Czech Academy of Sciences. Based on the results of the
initial screening of the effect of the compounds on NKA activity, silychristin (SCH),
dehydrosilychristin (DHSCH), and dehydrosilydianin (DHSD) were selected for molecular
docking (Figure 8).

Figure 8: The structures of flavonolignans used in molecular docking. The carbons of
silychristin (A) are in yellow, dehydrosilychristin (B) in cyan and dehydrosilydianin (C) in
magenta, oxygens in red, hydrogens in white. The arrow denotes the dehydrated bond.

The flavonolignans bind to the pump in five different positions (Figure 9) — three at the
entrances to pathways and two at the cytoplasmic domains. The pose specific for the open
conformation is under the A-domain, near N353 (porcine numbering), while the closed-
conformation specific one is near R248.
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Figure 9: The open (left) and closed (right) conformations of NKA with the binding sites for
flavonolignans. Silychristin is in yellow, dehydrosilychristin in cyan and dehydrosilydianin in
magenta. Beta subunit is in light green, the FXYD protein light orange, A-domain blue, N-
domain red and P-domain

Flavonolignan binding at the pathway exits can hinder the ion movement through the
pathways or interfere with the opening and closing of these pathways.

3.4.2. Quinolinones

The main focus was aimed on 5,6,7,8-tetrafluor-3-hydroxy-2- phenylquinolin-4(1H)-one
(TFHPQ), which exhibited the biggest NKA activity change in experimental measurements,
while the other compounds were halogenated by only one or two chlorine or fluorine atoms
see Figure 10.
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Figure 10: The quinolinones used for docking - 6CHPQ (A), 8CHPQ (B), DCHPQ (C),
DFHPQ (D) and TFHPQ (E). The carbon atoms are in grey, oxygen in red, nitrogen in blue,
chlorine in green, fluorine in yellow and hydrogen in white.

On the open conformation, TFHPQ binds exclusively to the C-terminal area of NKA, in the
vicinity of Y1022 of o subunit and W12 of B subunit (Figure 11). Unlike TFHPQ, the other
compounds bind not only to the C-terminal site, but also in different positions on the protein.

Figure 11: The binding site of TFHPQ on the open structure of NKA. TFHPQ is in purple,a
subunit in green, § subunit in cyan, the FXYD protein in pink

When compared to the other quinolinones studied by molecular docking, TFHPQ binds with
higher affinity on both open and closed conformation of NKA.
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4. Conclusions

Na'/K*-ATPase is a membrane protein essential for its role in maintaining cell homeostasis
and ion clearance. Its malfunction can lead to hyperkalaemia, hypertension or several
disorders of the neural and muscular system. Computational biology serves as a powerful tool
to corroborate and explain experimental findings by creating a model of a selected protein in a
selected environment. Molecular dynamic simulates biomolecule movements with atomic
resolution on the nanosecond timescale, while molecular docking describes the binding of
small molecules to a selected protein target.

In two studies, we examined NKA using molecular dynamics — the transmembrane part, with
focus on ion movements and the cytoplasmic part with respect to nucleotide binding. We
revealed that water molecules and ions from the solution can move to the cation binding site
through five different pathways, two of which had not been described before. Amino acids
lining these pathways had been connected to diseases or protein affecting mutations. The
nucleotide binding to the cytoplasmic domain is a dynamic process with several possible
substates of the binding pocket. It is also influenced by the protonation of CBS residues and
ions present in the bulk solution, suggesting a possible feedback loop for protein activity.

Using molecular docking, we studied two groups of active compounds — flavonolignans and
quinolinones. Flavonolignans can bind to the transmembrane part of NKA, obstructing the
entry to the C-terminal and extracellular ion pathways. In addition to that, they bound with
great frequency on the cytoplasmic domains. Due to significant movements of these domains
during the reaction cycle, flavonolignans can obstruct the proper domain movement and
inhibit the protein allosterically. Quinolinones bind with the greatest frequency at the entrance
to the C-terminal pathway. Experimentally the most active quinolinone, TFHPQ, binds with
higher specificity and affinity than the other quinolinones. Therefore it can inhibit NKA more
efficiently than the other compounds.

The findings of ion pathways and the nucleotide binding dynamics suggests that the NKA
reaction cycle is on the molecular level more complex than what can be efficiently described
by the currently used E1-E2 state notation. They also indicate a complex long-distance
communication system between the transmembrane cation binding site and the cytoplasmic
domains. Molecular docking helped to describe two groups of active compounds that have
different mechanism of effect from currently medically used, but toxic, cardiotonic steroids,
and can therefore serve as potential new drugs affecting the Na*/K*-ATPase.
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