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ARTICLE INFO ABSTRACT

Previous studies have shown that cytoplasmic K* release and the associated E2 — E1 conformational change of
the Na™,K"-ATPase is a major rate-determining step of the enzyme's ion pumping cycle and hence a prime site of
acute regulatory intervention. From the ionic strength dependence of the enzyme's distribution between the E2
and E1 states, it has also been found that E2 is stabilized by an electrostatic attraction. Any disruption of this
electrostatic attraction would, thus, have profound effects on the rate of ion pumping. The aim of this paper is to
identify the location of this interaction. Using enhanced-sampling molecular dynamics simulations with a pre-
dicted N-terminal structure added to the X-ray crystal structure of the Na®,K*-ATPase, a previously postulated
salt bridge between Lys32 and Glu233 (rat sequence numbering) of the enzyme's a-subunit can be excluded. The
residues never approach closely enough to form a salt bridge. In contrast, strong interactions with anionic lipid
head groups were seen. To investigate the possibility of a protein-lipid interaction experimentally, the surface
charge density of Na',K*-ATPase-containing membrane fragments was estimated from zeta potential measure-
ments to be 0.019 (+ 0.001) C m~2. This is in good agreement with the charge density previously determined to
be responsible for stabilization of the E2 state of 0.023 (4 0.009) C m~2 and the membrane charge density
estimated here from published electron-microscopic images of 0.018C m~2. The results are, therefore, consistent
with an interaction of the Na™,K™-ATPase a-subunit N-terminus with negatively-charged lipid head groups of the
neighbouring cytoplasmic membrane surface as the origin of the electrostatic interaction stabilising the E2 state.
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1. Introduction gastric parietal cells creates the low pH of the stomach necessary for

digestion [2].

The P-type ATPase family of enzymes is a large group of integral
membrane proteins found in all kingdoms of life which utilize the energy
released by the hydrolysis of ATP to pump small ions, lipids and some
other molecules across the membrane in which they are embedded. Two
of the most widely studied are the ion pumps, the Na*,K"-ATPase and
the H',K™-ATPase, which are closely related and belong to the P2C
group of the P2 subfamily of P-type ATPases. Both play crucial roles in
animal cell physiology. The Na® electrochemical potential gradient
created across the plasma membrane of animal cells by the Na*,K'-
ATPase (or sodium pump) is used to drive nutrient reabsorption in
kidney, and both the Na™ and K gradients it generates are essential for
nerve and muscle function [1]. The H,K"-ATPase (or proton pump) of

Both proteins consist of a catalytic a-subunit and a much smaller
B-subunit; in the case of the Na*,K™-ATPase there is a third even smaller
subunit with a single membrane-spanning a-helix, which is termed the
y-subunit in kidney cells. A common feature of the a-subunits of both the
Na®,K'- and H",K"-ATPases is that they possess a lysine-rich N-terminal
domain which extends into the cell cytoplasm [3] (see Fig. 1). If one
defines the N-terminal domain as the protein sequence up to the start of
the first transmembrane domain, then its length is around 75 residues
for the Nat,K"-ATPase and 99 residues for the H",K™-ATPase (both
numbers based on the Homo sapiens proteins) [3]. The function of this
domain, or even whether it has a function at all, is still an unsolved
mystery in the field. In three-dimensional structures of the proteins
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determined by X-ray crystallography the complete N-terminal cyto-
plasmic domain could either not be resolved [4-7] or it was removed
prior to crystal formation [8]. But the fact that its structure cannot be
measured by X-ray crystallography doesn't necessarily mean that it
doesn't play an important role, rather it simply implies that the N-ter-
minal tail is either statically disordered, i.e., in different positions in
different protein molecules within the protein crystal, or dynamically
disordered, i.e., undergoing dynamic motion on the timescale necessary
for X-ray data collection [9]. The N-termini of both proteins are pre-
dicted to be intrinsically disordered regions [3], with the degree of
disorder in general increasing, as one would expect, as one proceeds
from the first transmembrane helix to the start of the N-terminal tail.
This would explain why the N-termini have not been resolved by X-ray
crystallography.

A seemingly strong argument against the N-terminus playing an
important role in the Na*,K*-ATPase was presented by Ohta et al. [10],
who reported that the Na™,K*-ATPase of the frog Rana catesbeiana, also
often referred to as Lithobates catesbeiana (American bullfrog), lacks the
N-terminal lysine cluster, but still exhibits full Na*,K"-ATPase activity.
This argument, however, has not stood the test of time. Ohta et al. [10]
determined the amino acid sequence of the a-subunit by sequencing
purified protein from the animal's kidney. In 2021 the protein was again
sequenced from the same species but via nucleotide sequencing from the
gene rather than from purified protein and it was shown that the ani-
mal's Nat,K"-ATPase does in fact possess a lysine cluster in its a-subunit
N-terminal tail, as do all other animals investigated [11]. A possible
explanation of Ohta et al.'s [10] result is that their protein may have
undergone some degradation prior to sequencing. Thus, if the lysine
cluster is present in all animals, it would seem likely that it does perform
some important function.

The situation is the same in the H',K*-ATPase. The authors are not
aware of any animal species for which the a-subunit of the H',K'-
ATPase lacks a lysine-rich cytoplasmic N-terminus [3]. Asano et al. [12]
carried out experiments with the H',K™-ATPase expressed in HEK-293
cells, in which they replaced all of the positively charged lysine resi-
dues with uncharged alanine residues. They found that this had no effect
on the stimulation of the enzyme's steady-state ATPase activity by ATP,
K' or H". However, these results don't exclude a role of the N-terminus
in determining ion pump kinetics, because there remains the possibility
that the N-terminus could play a role in the conformational change of
the unphosphorylated enzyme, E2 — E1, which is necessary for K*
deocclusion and release into the cytoplasm. That the N-terminus could
affect this transition would seem reasonable, considering its location on
the cytoplasmic face of the protein. Unfortunately very little information
is currently known about the kinetics of this reaction for the H',K'-
ATPase. Some kinetic data were recently presented by Faraj et al. [13],
which showed that the E2 — E1 occurred in the second-subsecond
timescale. However, their studies were carried out using the fluores-
cent probe eosin, which is known to bind to the cytoplasmic nucleotide
binding site of the protein [14], and this could influence the rate of the
transition.

Much more extensive data is available on the Na™,K™-ATPase and the

Na*,K"-ATPase
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role of its N-terminus. The first indications of an important role of the
lysine-rich N-terminus in the E2 — E1 transition and associated K*
release to the cytoplasm came from trypsin digestion experiments car-
ried out by Jgrgensen and co-workers [15-18], who showed clear dif-
ferences in the cleavage of the N-terminus in the E2 and E1 states, thus
indicating significant movement of the N-terminus during the transition.
Specifically, they found that Lys®® of the N-terminus is in an environ-
ment where it is much more protected from trypsin attack in the E2 state
than the E1 state. Furthermore, because it was found that trypsinolysis
of the bond 30-31 was strongly dependent on ionic strength [16,18],
Jorgensen and Collins [15] suggested that a salt bridge is involved in the
El — E2 transition. From stopped-flow kinetic investigations utilizing
the probe RH421 as well as measurements of conformational distribu-
tion using eosin [19], we have provided strong support for this sug-
gestion, with an electrostatic attraction stabilising the E2 state and
breaking of the interaction allowing the enzyme to convert to the E1
state. Further strong supporting evidence for the involvement of the N-
terminus in the E2 — E1 transition has been found by the group of
Blostein, who found [20] that removal of the N-terminus accelerated the
rate of K"-deocclusion of enzyme purified from dog kidney. In subse-
quent experiments in which they expressed rat Na™,K"-ATPase in HeLa
cells and investigated the effect of various mutations [21,22], they
confirmed their results on purified enzyme and localized the cause of the
effect of the N-terminus on K* deocclusion to residues 24-32, i.e.,
ERDMDELLK, which include the site of trypsin cleavage. Cornelius et al.
[23] showed that the effect of the N-terminal truncation in shifting the
E1-E2 conformational equilibrium towards E1 was not restricted to
mammalian enzymes, but also occurred in shark Na®,K™-ATPase. Wu
et al. [24] investigated via electrophysiological experiments the role of
the N-terminus of electric ray, Torpedo californica, Na",K"-ATPase
expressed in Xenopus laevis oocytes, increasing the measurable currents
significantly by converting the Nat,K™-ATPase into a channel via the
selective-binding molecule palytoxin. Their results led them to conclude
that the N-terminus acts as an inactivation gate on the cytoplasmic side
of the protein, preventing K release, in an analogous fashion to the N-
terminus of Shaker K channels. Earlier electrophysiological measure-
ments by Burgener-Kairuz et al. [25] had shown an effect of N-terminal
truncation on K'-induced activation of Na®,K*-ATPase pump currents
in Xenopus oocytes on the protein's extracellular face, but they didn't
investigate the cytoplasmic face where the N-terminus is located and
hence where one would expect more dramatic effects from truncation.
Very recently, structures of the Na*K"-ATPase were determined by
Nguyen et al. [26] and Guo et al. [27] via cryoelectronmicroscopy which
provided more information of the enzyme's cytoplasmic ion gating
mechanism. Although the N-terminus still couldn't be resolved, these
structures showed that cytoplasmic gating involves significant move-
ment of the protein's first transmembrane helix. Because the N-terminus
is directly covalently linked to the first transmembrane helix, this sup-
ports the idea that cytoplasmic gating involves significant movement of
the N-terminus, as previously suggested by Jgrgensen and coworkers
based on biochemical data alone [15-18].

Experimental evidence also exists, however, which argues against an

Fig. 1. N-terminal sequences of the Homo sapiens
Na® K"-ATPase and H' K'-ATPase «;-subunits.
The basic amino acid residues, lysine (K) and
arginine (R), are highlighted in blue. The acidic
amino acid residues, aspartic acid (D) and glutamic
acid (E), are highlighted in red. Ignoring any par-
tial protonation of histidine residues (H) and any
local environmental effects on sidechain pKa
values, the total charges of the N-terminal se-
quences shown would be expected to be +3 for the
Na®,K*-ATPase and + 4 for the H",K*-ATPase.
(For interpretation of the references to colour in
this figure legend, the reader is referred to the web
version of this article.)
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important role of the N-terminus in Na*,K"-ATPase function. Shanbaky
and Pressley found [28] that after expression of a mutant Nat,K"-
ATPase with an altered N-terminus in a COS-1 cell line, the cells main-
tained their viability and they observed no significant changes in Na*,
Kt-ATPase enzymatic activity. They did not, however, investigate K*
deocclusion, which, as described above, is the reaction others have
found to be most affected by removal of the N-terminus. Furthermore,
one must be careful is extrapolating results found with cultures of cell
lines to natural cells, particularly when dealing with membrane pro-
teins. It has been found that the fatty acid profile of the membranes of
cultured cells varies significantly from that of natural cells [29]. In
addition, cancer cells, on which many cell lines are based, display an
exposure of phosphatidylserine on the extracellular surface of the
plasma membrane [30-32], whereas under most conditions flippase
activity in noncancerous cells ensures that phosphatidylserine is located
almost exclusively in the cytoplasmic leaflet of the plasma membrane
[33]. Therefore, if the interaction of the N-terminus which stabilises the
E2 state relative to the E1 state is with anionic phospholipids, such as
phosphatidylserine, as some studies have suggested [19,33-36], it is
likely that very different results could be observed between cultured and
native cells. The group of Blostein [37-39], however, have identified
another possible interaction partner of the N-terminus, namely Glu233
(numbering excluding the propeptide sequence MGKGV) in the first M2-
M3 cytoplasmic loop of the al-subunit. The aim of this paper is to
consider the likelihood of these possibilities by means of determining the
charge density of Na*,K"-ATPase-containing membrane fragments and
by the use of enhanced-sampling all-atom molecular dynamics (MD)
simulations.

2. Materials and methods
2.1. Enzyme and reagents

Na',K"-ATPase-containing membrane fragments from pig kidney
outer medulla were purified as described by Klodos et al. [40]. The
specific ATPase activity at 37 °C and pH 7.0 was measured according to
Ottolenghi [41]. The activity of the preparation used was 1400 pmol
ATP hydrolysed h™! (mg of protein) ! at saturating substrate concen-
trations in a buffer containing 20 mM histidine, 250 mM sucrose and 0.9
mM EDTA. The protein concentration was 4 mg mL™}, determined by
the Peterson modification [42] of the Lowry method [43] using bovine
serum albumin as a standard.

The reagents used for buffer preparation were; sucrose (>99.5 %,
Sigma-Aldrich, Castle Hill, Australia), L-histidine (>99.5 %, Sigma-
Aldrich), EDTA (99 %, Ajax Finechem, Scoresby, Australia), imidazole
(>99 %, Sigma-Aldrich), and NaCl (>99.5 %, Panreac Applichem, Bar-
celona, Spain).

2.2. Zeta potential measurements

The zeta potentials of Na',K'-containing membrane fragments
diluted into buffer solutions of varying ionic strength were determined
using a Nano-ZS Zetasizer (Malvern Instruments, Malvern, UK). Mea-
surements were performed within DTS1070 folded capillary cells (ATA
Scientific, Taren Point, NSW, Australia). The Nano-ZS Zetasizer mea-
sures the zeta potential of a colloidal particle via the technique of phase
analysis light scattering using the 632.8 nm line of a 4 mW He—Ne laser
and a scattering angle of 173°. In brief, the technique measures the zeta
potential from the difference in phase of scattered versus non-scattered
light arising because of the electrophoretic velocity of the colloidal
particles, which depends on the magnitude of their surface charge
density [44].

To avoid interference from scattering due to dust particles, the buffer
solutions used for dilution of the Na*,K"-ATPase-containing membrane
fragments were first filtered through 0.22 pm pore-size hydrophilic
Teflon syringe filters (Nantong FilterBio Membrane, Jiangsu, China).
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The final concentration of Na™,K"-ATPase used within the capillary cell
was 0.62 mg/ml. All zeta potential values reported are the average of six
measurements.

2.3. Molecular dynamics simulations

To investigate the behaviour of the Na™,K™-ATPase with a recon-
structed N-terminal sequence and its interactions with lipid bilayers in
the presence of 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), and cholesterol, we have
carried out molecular dynamics (MD) simulations. Available structures
for pig kidney Na',K"-ATPase in an E1P-like state (PDB 3WGU [6]) and
the E2 state (PDB 3B8E [4]) with the secondary structure of first 40 N-
terminal residues reconstructed (using the Galaxy method in CHARMM-
GUI [45]), were embedded in bilayers containing 26 mol% DOPC, 34
mol% DOPS and 40 mol% cholesterol. These compositions were chosen
based on the native lipid composition of the membranes from which the
enzyme originated, as determined by biochemical analyses [46,47], but
with an anionic lipid content with an absolute magnitude 12 % higher
and, on a relative basis, 52 % higher than what one would expect
physiologically from the biochemical data and the expectation that PS
would be concentrated in the cytoplasmic leaflet due to flippase activity,
i.e., more physiological values would be 38 mol% PC, 22 mol% PS and
40 mol% cholesterol. The protein constructs were immersed in 150 mM
NacCl solution using explicit TIP3P water molecules. The lipid distribu-
tion within the membrane was randomised with CHARMM-GUI [45].

The systems were then equilibrated using NAMD 2.9 [48] with the
CHARMMS36 force field [49,50]. The temperature was maintained at
303.15 K using a Langevin thermostat and pressure maintained at 1 atm
using the Nose-Hoover Langevin piston method [51] with rectangular
periodic boundary conditions. All bonds to hydrogen atoms were
maintained using the SHAKE algorithm [52]. Electrostatic interactions
were computed using the Particle Mesh Ewald method [53] with a grid
spacing of 1 A. Non-bonded pair lists were recorded to 16 A with a real
space cut-off of 12 A using energy switching from 10 A. Each system was
run for 700-900 ns to fully relax the protein in the membrane envi-
ronment and explore N-terminal interactions with the surrounding
protein and membrane. Two independent simulations were run for
starting structure 3WGU and two for 3B8E in the aforementioned bi-
layers containing PS lipids. A further two independent simulations for
each model were carried out without PS lipids, totalling 6.4 ps of MD
simulation. One such MD simulation system, based on the E2 state of the
Nat,K"-ATPase o; subunit (PDB 3B8E) with the N-terminus added,
following MD simulation, is shown in Fig. 2.

Analysis of these 8 independent MD simulations for each structure
and each bilayer revealed little dynamics, with the N-terminus largely
remaining either in contact or away from the membrane, with no
reproducibility between the independent copies of the simulation (see
Fig. S1). We judged from this that regular free MD simulation, even on
this large scale, are incapable of properly sampling the N-terminal in-
teractions. We instead turned to Replica Exchange Solute Tempering
(REST2) simulations [54]. This method requires simulation of several
copies of the system (16 systems for 0.2 ps each), with N-terminal in-
teractions systematically weakened (with higher effective temperatures
of 300-600 K) to speed up movements exponentially, exchanged via
regular Monte Carlo moves. The first 40 residues were chosen for
scaling, with exchanges attempted every 100 fs over the duration of each
200 ns simulation. Separate REST2 simulations were carried out for
3WGU and 3B8E models, following the unbiased MD, totalling a further
6.4 ps of MD simulation. This approach resulted in good sampling of N-
terminal dynamics and interactions with protein and lipids, as illus-
trated in the sample Supporting Movies 1-6; with good exchange be-
tween the 16 replicas over the simulations (Fig. S2).

Analysis presented in Fig. 3 is for the physical/base replica 0 (effec-
tive temperature 300 K for N-terminal interactions), but the full range of
replicas has been studied and reported, in part, in the Supporting
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Figs. 2—4. Interaction between the proposed Lys30 and Glu231 (pig Na™,
K'-ATPase «;-isoform numbering) in Fig. 3a and Fig. S3 is based on
calculations of probabilitiy distributions for the distance between the
lysine ammonium N atom (as opposed to the individual H atoms) and
the glutamate carboxylate's central C atom (as opposed to the individual
atoms), with salt bridge considered to have formed if the distance is less
then 4.5 A (based on a Lys N - Glu C radial distribution function; not
shown). Analysis of interactions between basic residues of the N-ter-
minus and lipid head groups (as shown in Fig. 3b and Fig. S4) involved
the calculation of probability distributions (unnormalised, as distinct
from a radial distribution function) between any R or K side chain N
atom and any lipid head group (PS or PC) O atom. The cut-off for a direct
coordinating contact (i.e., the formation of a salt bridge between the
positively charged R or K and the negatively charged head group moi-
ety) was chosen to be 3 A (based on a radial distribution function for
N—O distance; not shown). This analysis was decomposed into indi-
vidual basic residues of the N-terminus in Fig. S3. Errors in contact
probabilities are reported as + one standard error of means based on 6
blocks of data. The analysis was carried out separately for interactions
between the N-terminus with PS or PC lipid headgroups.
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Fig. 2. MD simulation system. Shown is one sample
MD simulation system based on the structure of the
E2 state of the o subunit of pig Na™,K*-ATPase
(using PDB 3B8E [4] with the N-terminus added). The
protein is shown as blue ribbon, with the N-terminus
(first 40 residues) highlighted in red with side chains
as ball-and-stick representation. Lipids are shown
with cyan stick for tails and CPK-coloured head-
groups, with water molecules as red dots (Na™ and
Cl™ ions as small pink and green balls). The configu-
ration shown is following unbiased MD simulation to
relax the protein in the membrane. Highlighted in red
and blue are residues E231 and K30, respectively.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

3. Results

3.1. Investigation of possible interaction between Lys32 and Glu233 and
between the N-terminus and the surrounding membrane

The Blostein group [37-39] have suggested a possible regulation of
the Na®,K*-ATPase via an interaction of the N-terminus, specifically
Lys32 (corresponding to Lys30 in the pig Na*,K"-ATPase a;-isoform) via
a salt bridge with Glu233 of the rat a;-isoform (corresponding to Glu231
in the pig Na™,K"-ATPase a;-isoform). They made this suggestion based
on mutagenesis studies before a crystal structure of the Na™,K"-ATPase
was available. If they formed deletion mutants lacking either the first 16
or the first 23 amino acid residues of the N-terminus, they found [55]
that the Na-ATPase activity of the mutants resembled the wild-type
enzyme. However, if they deleted the first 32 amino acid residues, the
mutant enzyme showed a much-reduced inhibition by K* ions relative to
the native enzyme, suggesting a role of the N-terminus in the K'-deoc-
clusion reaction on the cytoplasmic face of the protein. The fact that this
change in enzyme behaviour occurred on increasing the number of
deleted residues from 23 to 32 indicates that the nine residues Glu24-
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Fig. 3. N-terminal interactions. (a) Histograms of probabilities for the distance of separation between Lys30 and Glu231 (pig sequence numbering) from REST2
simulations. The replica 0 simulations shown represent a temperature of 300 K (i.e., 27 °C; see Fig. S3 for other replicas). The grey lines correspond to 3 blocks of data
from the same simulation (200 ns per replica split into 3 chunks) to reveal the extent of variation. The red curves represent the complete distribution determined with
all 200 ns MD. The upper panel, calculated using PDB file 3WGU, shows the expected distribution of distances in a Na*-bound conformation preceding the E1P state
[6]. The lower panel, calculated using PDB file 3BSE, shows the corresponding distribution for the E2 state [4]. The radius for the black line is 4.5 A, representing a
cut-off for salt-bridge formation based on a Lys N and Glu carboxylate C radial distribution function. In both states the probability of salt bridge formation between
K30 and E231 is zero (although it is seen in replicas with elevated temperatures to a small degree; see Fig. S3). (b) Histograms showing the probability distribution
(unnormalised) for the interaction between any N-terminal K or R side chain N—H group and any lipid head group O atom. The radius for the black line is 3 A,
representing a cut-off for salt-bridge formation based on a radial distribution function for N—O distance. For 3SWGU, the probability of forming a salt bridge is 100 %
in this base replica, but this interaction is gradually lost in elevated replicas (see Fig. S4a), indicative of good sampling (see also Supporting Movies 1-3; revealing a
dynamic N terminus). For 3B8E, the probability of direct contact/salt-bridge formation with lipids is 18 + 5 %, still being significant, but with the N-terminus
residing mostly away from the membrane (see Fig. S4b and Supporting Movies 3-6). Histograms have been plotted with different normalisations (arbitrary scales) to
best illustrate their distributions (panel a normalised to ensure a total of all distances for the pair of atoms summing to 1; panel b unnormalised, with a different scale
due to the many different atom pair distances involved). (c) The right column shows sample snapshots illustrating lipid interactions in each structure, although this is
best captured in the Supporting Movies. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Arg-Asp-Met-Asp-Glu-Leu-Lys-Lys32 (rat sequence) must play an
important role in determining the enzyme's response to K. In the pig,
the sequence is identical, but the numbering is residues 22-30, because
the pig a; subunit is missing residues 17 (lysine) and 18 (serine) of the
rat sequence.

Now that crystal structures have been solved in different confor-
mational states [4-7], it has become possible to investigate the plausi-
bility of a Lys32-Glu233 salt bridge from a structural perspective (see
Fig. 2 for the locations of these residues). Based on X-ray crystallo-
graphic studies of the model compound ammonium formate [55], to
form a salt bridge a hydrogen atom attached to the side chain ammo-
nium group of Lys32 and an oxygen atom of the side chain carboxylate
group of Glu233 would have to be located within 2.81-2.89 A of one
another. Based on analysis of the neighbouring lysine N and glutamate
C, radial distribution function, this corresponds to a distance cut-off of
~4.5 A. REST2 simulations using the structure of pig kidney Na* K*-
ATPase in the E1P state (S3WGU) and E2 state (3B8E) [4] show no salt
bridge formation between these residues in the physical/base replica
(see Fig. 2a). This was true for all replicas of the 3B8E REST2 simulation
(see Fig. S3b). For 3WGU we also observed no K-E contact in the low-
lying replicas, with only the highly elevated (unphysical) replicas
showing non-negligible K-E contact (see Fig. S3a). Based on these

simulations, a direct interaction between Lys32 and Glu233 can be
excluded.

This does not necessarily mean that Glu233 plays no important role
in the Na™,K"-ATPase mechanism, including K deocclusion. Indeed,
alignment of vertebrate a;-subunit sequences of the Na'",K™-ATPase
show that Glu233 is a conserved residue. Therefore, it very likely does
play some important mechanistic role, but this does not appear to be via
a direct interaction with Lys32.

If the N-terminus isn't interacting with Glu233, then where does it
interact? Fig. 3b and c (upper panels) show analysis of the base replica
for the E1P (BWGU) and E2 (3B8E) state simulations for the distribution
of distances between the basic side chains of the N-terminus and the
lipid head groups. This analysis reveals that the N-terminus in the E1P
simulations has very strong and sustained interactions with PS head
groups throughout the simulation (see also Supporting Movie 1). In
replicas with elevated effective temperatures (Fig. S4a and Supporting
Movies 2 and 3), the interaction gradually weakens (being very dynamic
for intermediate replicas and lost in high temperature replicas), but it is
clearly a strong determinant of the N-terminal structure.

For the E2 (3B8E) simulation, Fig. 3b and ¢ (lower panels) reveal
direct contact with lipid headgroups on and off during the simulations,
where 18 £ 5 % of the time the N-terminal basic residues were forming
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salt bridges with the lipid head groups (see also Supporting Movie 4).
Higher replicas (Fig. S4b) showed a gradual reduction in lipid contacts
as N-terminal interactions were scaled back, as expected. For interme-
diate replicas (e.g. replica 4; Supporting Movie 5), the dynamic N-ter-
minus was seen to bind and dissociate from the membrane over the
simulation, eventually completely dissociating for high temperature
replicas (Supporting Movie 6).

For the simulations of both the E1P and E2 states the results show
that almost all N-terminal salt bridge formation is with charged PS head
groups. The calculated overall probabilities for PC and PS binding to N-
terminal residues for 3B8E of 0.004 + 0.003 and 0.17 + 0.05, respec-
tively, and for 3SWGU they are 0.018 + 0.006 and 0.9992 + 0.0004. This
says that, on average, N-terminal residues contact PS head groups 51 +
4 times more often than the zwitterionic PC head groups.

3.2. Zeta potential measurements

Previously we have successfully used Na',K'-ATPase-containing
membrane fragments to study the role of an electrostatic interaction that
stabilises the E2 conformation and whose breakage leads to the transi-
tion into the E1 conformation [19]. At that time, we proposed that the
electrostatic interaction could be between the N-terminus and the sur-
rounding membrane surface. Here we test this hypothesis by measuring
the zeta potential, y,, of the membrane fragments, from which we derive
the surface charge density, o, of the membrane. According to the Gouy-
Chapman theory [56,57], the decay of the electrical potential, y, in the
solution adjacent to a charged surface can be approximated by an
exponential relation as the distance, r, from the surface increases. Thus,

w = woexp(—r/lp) @

where y is the electrical potential at the surface and [ is the Debye
length, which is defined by the following expressions:

1 /eoeRT
=— 2
Ip P\ @
l n N
1= 3 ; iz; 3)

F is here Faraday's constant, &y is the electrical permittivity of a
vacuum, ¢ is the dielectric constant of the medium surrounding the
particle (80 for an aqueous solution), R is the ideal gas constant, T is the
absolute temperature and I is the ionic strength of the solution. ¢; and 2;
are the concentrations and valences of each type ion in solution,
respectively. Making use of Gauss's law together with Eq. 1 it can be
shown that the surface potential, y, is given by:

O'ZD
Vo = f0f “

o is here the surface charge density of the particle. Substituting for

yo from Eq. 4 into Eq. 1 then yields:

O'lD
=P oxn(—r/l
W EOeexp( r/lp) 5)

The zeta potential, y,, is not exactly the same as y, because in all
measurements of v, the colloidal-sized particles being investigated act
as hydrodynamic objects, meaning that they carry an immobilized layer
of solvent with them through solution. v is then measured at the po-
sition of the slip plane, where the solvent is no longer immobilized, not
directly at the surface. For lipid membranes in an aqueous solution, the
thickness of the immobilized layer has been calculated to be 0.17 (+
0.06) nm [58]. Therefore, substituting y =y, andr=0.17 x 10~° minto
Eq. 7 and rearranging, yields the following equation allowing ¢ to be
calculated from the measured zeta potential and the known ionic
strength:
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o= %y/zexp(o.ﬂ X 107 /1) 6)
Results of the zeta potential obtained at different ionic strengths and
the corresponding surface charge densities calculated based on Eq. 6 are
given in Table 1. The weighted average of the surface charge density of
the membranes across all ionic strengths, weighted according to the
reciprocal of the variances of each individual surface charge density, is
0.019 (£ 0.001) C m~2. This value is in good agreement with the surface
charge density value of 0.023 (+ 0.009) C m2[1 9], which was found
previously to be responsible for the electrostatic interaction stabilising
the E2 conformation of the Na™,K*-ATPase. Therefore, the results sup-
port the conclusion that the interaction which stabilises E2 could be
between the N-terminus and the surrounding lipid membrane.

4. Discussion

In an earlier publication [19] we presented evidence that the long-
established effects of buffer compounds on the E1/E2 conformational
equilibrium could be explained by the degree of buffer ionisation and
the consequent influence of the ionic strength in screening an electro-
static attraction which would otherwise stabilise the protein in its E2
conformation. Fitting of the accumulated experimental data obtained
from three different buffer compounds (tris, imidazole and histidine) to
a series of equations derived from the Gouy-Chapman-theory of the
electrical double layer [56,57], enabled us to calculate that the stabili-
zation of the E2 conformation was consistent with an electrostatic
attraction to a surface with a charge density of 0.023 (+ 0.009) Cm 2
Two possibilities exist for the identity of this surface. One is the protein,
i.e., an internal protein-protein interaction, such as a salt bridge, is
responsible for the interaction. The other possibility is a protein-
membrane interaction, i.e., the protein could be interacting with
charges on the surrounding membrane. Here we have considered both
these possibilities.

Because mutagenesis studies by the Blostein group [35-37] had
previously indicated that a salt bridge might exist between Lys32 and
Glu233 within the o;-subunit of rat Na™,K"-ATPase, we first investi-
gated whether this is a possibility based on what is now known about the
protein structure. Enhanced sampling REST2 MD simulations utilizing
X-ray crystallographic data together with a predicted N-terminus
structure indicated that no direct interaction between the corresponding
pig sequence residues Lys30 and Glu231 is possible. They are simply
spatially too distant to form a salt bridge under normal conditions in
either the E1P or E2 states. Thus, although the Blostein group's results
indicate that deletion of the residues up to Lys32 and mutation of
Glu233 affects the protein's conformation, the conclusion that the
observed conformational shifts are due to a disruption of a Lys32-
Glu233 salt bridge are unjustified.

Now we turn our attention to the membrane as the possible source of
the charged surface with which the protein is interacting. For a lipid
bilayer composed of dioleoyl-phosphatidylcholine (DOPC) bilayer, one
of the major lipid components of Na*,K*-ATPase-containing membrane

Table 1
Zeta potentials, y,, and surface charge densities, 6, of Na*,K"-ATPase-contain-
ing membrane fragments.*

Ionic strength/mM W,/mV 6/Cm?*

10 —61 (£ 8) 0.015 (& 0.002)
20 —57 (+ 4) 0.020 (+ 0.001)
30 —55 (£ 6) 0.024 (& 0.003)
40 —40 (£ 7) 0.021 (& 0.004)
50 —24 (£ 10) 0.014 (& 0.006)
100 —22(+8) 0.019 (& 0.007)
150 -17 (£ 11) 0.019 (& 0.013)

" The values of ¢ were calculated from v, and the corresponding ionic strength
via Egs. 4, 5 and 8.
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fragments, the cross-sectional area per lipid molecule in the membrane
surface is expected to be 0.83 nm? or 0.83 x 10~ '8 m? [59]. The packing
density is the reciprocal of this, thus 1.20 x 10'® molecules m~2. If every
lipid molecule had a charge of —1, then the charge density would be
given by eg x 1.20 x 10'® molecules m~2, where ey is the charge on an
electron (1.6 x 10’19C). This would come to 0.193C m 2. However, it's
known from lipid analysis [46] that only about 18.6 mol% of the total
phospholipids are anionic (i.e., phosphatidylserine (PS) and phosphati-
dylinositol (PI) or 11.2 mol% of the total lipid (assuming 40 mol%
cholesterol). In a cell, virtually all the PS would be on the cytoplasmic
side because its asymmetric distribution across the plasma membrane is
maintained by flippases. But in the membrane fragments, we can assume
that the flippases are no longer active because they require ATP and
hence the PS distribution across the membrane would be expected to
equalize. Therefore, taking 11.2 % of 0.193C m™~2, gives 0.022C m 2.
However, this value would be for a pure lipid membrane. The membrane
fragments contain a large amount of protein, whose contribution to the
surface charge density also needs to be taken into consideration. At
neutral pH one would expect all the Asp and Glu residues of the protein
to be negatively charged and all the Lys and Arg residues to be positively
charged. It is likely, therefore, that these charges would cancel out and
the surface charge coming from the protein could be negligible. In the
case of the lipids, however, there are no positively charged lipids, only
negatively charged ones. So, we can assume that almost all the surface
charge comes from the lipid. Nevertheless, the surface area occupied by
the protein needs to be considered, because this reduces the net charge
density from the lipid.

According to Deguchi et al. [60], who studied the kidney membrane
preparation via electronmicroscopy, the protein particles in the mem-
brane have a diameter of 30-50 A, so let's take 40 A as the midpoint. The
packing density of the protein particles in the membrane they found to
be 12,500 pm’z. Based on these values, then, the surface area occupied
by a protein molecule in the membrane would be © (d/2)2 =3.14 x (40
x 10719/2)2 = 1.26 x 10~'7 m? Now, based on the packing density of
12,500 pm ™2, the number of protein particles per m? would be 12,500 x
102 m™2, and the area in the membrane occupied by these particles
would be 12,500 x 10'2 x 1.26 x 10~” m? = 0.157 m?. The percentage
of surface area occupied by the protein would be (0.157/1) x 100 = 15.7
%, and hence if all the rest of the membrane is occupied by lipid, the
percentage covered by lipid would be 100-15.7 = 84.3 %. Taking this
percentage of the charge density value of 0.022C m~2 for a pure lipid
membrane gives a final value of 0.018C m~2. This is in good agreement
with the surface charge density calculated experimentally of 0.023 (+
0.009) C m2 [19] for the surface responsible for stabilising the E2
conformation of the protein.

To test the idea further that the membrane surface is the origin of the
charges stabilising E2, we carried out experimental measurements of the
zeta potential of the Na*,K"-ATPase-containing membrane fragments.
Considering the ionic strength of the solution and extrapolating to the
surface of the membrane yielded a surface charge density of 0.019 (+
0.003) C m~2, which is consistent with both the calculation just per-
formed and the previously determined value of 0.023 (& 0.009) C m 2
[19]. Therefore, all the evidence points to the membrane surface as the
origin of the negatively charged surface with which the protein interacts
when the E2 conformation is stabilized.

In support of the membrane as an interaction partner for the N-ter-
minus, our REST2 MD simulations demonstrated strong salt bridge in-
teractions between the N-terminal basic side chains and the anionic PS
lipid head groups. In the E2 state, this was seen to occur on and off
throughout the simulation, while in the E1P state the interaction was
maintained indefinitely, despite the dynamics of the protein. Clearly this
suggests an important role for the membrane in the mechanism of the
Na',K'-ATPase, with the dynamic balance of lipid-protein interactions
likely positioning the E2 state to allow regulation, e.g. via phosphory-
lation by protein kinases [19,61-65]. In fact the N-terminus of the Na™,
K*-ATPase contains conserved serine and tyrosine residues, which are
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targets for phosphorylation by protein kinase C and kinases of the Src
kinase family, respectively. Phosphorylation of these residues would
insert negative charge onto the N-terminus, thus reducing its overall
positive charge and weakening its membrane interaction. This is an ideal
situation for regulation of the Na®,K™-ATPase via an “electrostatic
switch” mechanism.

The significant involvement of lipid interactions in the E2 state, but
being less than seen in the E1P state, is likely due to the conformational
change of the cytoplasmic N and A domains observed between E1P and
E2 states. In their recent paper in which they determined several
structures of the Na™,K™-ATPase in different E1 and E2 conformational
states, Guo et al. [27] refer to the first transmembrane helix M1, to
which the N-terminus is directly linked, as a “sliding door”, which is
pulled up by movement of the N and A domains after phosphorylation to
close the enzyme's cytoplasmic gate. This movement is likely to be
responsible for changes in the degree of interaction of the N-terminus
with the surrounding membrane as the enzyme proceeds around its ion
pumping cycle.

Now that more structures of the Na™,K™-ATPase are available in
different conformational states, particularly E1-type states, in the future
we would like to repeat the MD simulations presented here using as
many different conformational states as possible and using a more
physiological membrane composition (noting that the high PS content of
the membrane used in the simulations presented here would be expected
to overestimate the strength of membrane interaction). In this way it
would be possible to visualize movement of the N-terminus on and off
the membrane during the ion pumping cycle and to deduce in more
detail its involvement in cytoplasmic ion gating and pump regulation.

Finally, it is interesting to note that membrane interaction of the
Na',K"-ATPase o;-subunit N-terminus not only explains the dependence
of the enzyme's conformational distribution on ionic strength; it also
provides a framework for re-intrepeting the poorly understood effects of
Hofmeister anions, such as perchlorate, thiocyanate, iodide and nitrate,
on Na® K"-ATPase kinetics. It was first found by Post and Suzuki [66,67]
that these anions favour the E1P state over E2P. Later it was shown
[68,69] that the effects of the anions on Na*,K™-ATPase partial reaction
kinetics correlated with their membrane binding ability, suggesting a
membrane-mediated effect as the origin of the anion-induced shift in
conformational stability. In the light of current knowledge, a possible
explanation for the Hofmeister effects on Na*,K*-ATPase kinetics could
be that by binding to the surrounding membrane, the anions increase the
negative surface charge density of the membrane, thereby promoting
interaction of the positively charged lysine residues of the N-terminus
with the membrane and thus stabilising Na™,K*-ATPase conformational
states where an N-terminal-membrane interaction is present.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbamcr.2023.119539.
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