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Abstract—The results of investigation of electrogenic transport by the Na*, K*-ATPase, the enzyme provid-
ing the active transport of Na* and K™ ions through cell membrane, are reviewed. The main contribution to
electric current generated through the functioning of the Na®,K*-ATPase is assigned to the movements of
ions in access channels—the channel-like structures connecting the ion binding sites with the solutions. The
electrogenic transport was studied in a model system consisting of a bilayer lipid membrane with adsorbed
membrane fragments containing the Na™,K"-ATPase. The impedance method applied to this study allowed
the investigation of access channels in the Na* K™-ATPase. The review notes a significant contribution of
Yu.A. Chizmadzhev to the development of the theoretical model of transport processes in the Na* K*-

ATPase.
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INTRODUCTION

Studies of ion transport through the membrane
began to develop intensively after the method of form-
ing a bilayer lipid membrane, a simple model of a bio-
logical membrane suitable for measuring electric cur-
rents, was described in 1963 [1]. This membrane is a
good insulator, but once proteins or simpler com-
pounds are imbedded in the membrane, it can con-
duct an electric current, the measurement of which
makes it possible to study the mechanisms of ionic
permeability induced by these compounds. At the
Institute of Electrochemistry, such studies were
started at the initiative of A.N. Frumkin and consider-
ably intensified owing to Yu.A. Chizmadzheyv after the
Laboratory of Bioelectrochemistry had been estab-
lished. The studies were conducted at both theoretical
and experimental level. Originally, their objects were
simple compounds and peptides making the mem-
brane permeable to alkaline metal or hydrogen ions.
The theoretical models of such transport were
described in the monograph [2]. Subsequently, more
complex types of passive exchange transport of potas-
sium and hydrogen ions induced by nigericin-like
compounds [3—5], active proton transport performed
by bacteriorhodopsin [6], and Na*",K*-ATPase per-
forming active transport of potassium and sodium ions
were the objects of research. Although the Na®,K*-
ATPase is a rather complex molecular machine and its

enzymatic cycle includes transitions between a large
number of states, certain stages in these states are elec-
trogenic, i.e., accompanied by electric charge transfer
inside the membrane, and they can be studied by rela-
tively simple methods. It has been shown that active
ion transport is performed due to successive opening
and closing of special protein structures, resembling
an ion channels closed at one end. These structures
are referred to as “access channels”. The access chan-
nels allow the transfer of potassium or sodium ions to
the binding sites in the protein. The functioning cycle
per se is referred to as “Post—Albers cycle” [7] (Fig. 1).
The most significant feature of the Post—Albers cycle
is the presence of two major protein conformations,
E1l and E2, with open access of ions to the binding
sites either from the cytoplasm or from the extracellu-
lar medium. The conformation transition from EI to
E2 can occur due to ATP hydrolysis, with the phos-
phate group remaining bound to the protein (phos-
phorylation state) and released only during the reverse
transition from E2 to El. Originally, the Post—Albers
cycle was established in biochemical studies as a for-
mal scheme, but later it was supported by protein
structures in various states of this cycle determined by
X-ray scattering techniques [8—13]. Similar mecha-
nisms are typical of quite a large number of proteins
performing active transport of different ions [14—17].
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Fig. 1. The simplified scheme of sodium ion transport by the Nat,K*-ATPase on the basis of the Post—Albers enzymatic cycle
modified according to [18]. Left and right sides of the diagram represent the reactions on the cytoplasmic and extracellular sides
of the membrane, respectively. E1 and E2 designate two major protein conformations; arrows indicate transitions between the
states. Hypothetical states of the Na™,K*-ATPase, where protons can be involved to perform ion transport, are shown in a rect-

angular frame.

ELECTROGENIC TRANSPORT
BY THE Na*,K*-ATPase

Considerable progress in the studies of electrogenic
transport performed by the Na*, K*-ATPase has been
achieved by the works of several groups from Germany
and the United States published in the 1980s. The ion
transfer through the access channels between the solu-
tion and the binding site in protein is electrogenic and
passive, i.e., the distribution of ions between the bind-
ing site and the solution can be affected by an electric
field applied to the membrane [19—22]. A fast change
in potential of the membrane with the Na* K'-
ATPase leads to the appearance of a transient electri-
cal current due to redistribution of ions between the
binding site and the solution which disappears after
establishment of a new equilibrium. The study of this
process, first discovered in electrophysiological stud-
ies in isolated cardiac myocytes [23], provided infor-
mation about the properties of the access channel and
the rate of ion transport in it, which allows the estima-
tion of the channel depth. The latter can be deter-
mined by measuring the “dielectric coefficient”,
which characterizes the “degree of electrogenicity” of
ion transfer in the channel. This parameter defines the
relative depth of the region in the membrane where
charge transfer occurs as its contribution to the mea-
sured electric current. However, this is not really
channel depth: the contribution to the current
recorded in the external circuit depends not only on
the value of charge shift but also on polarizability of

the medium where this shift takes place [19, 24]. The
dielectric coefficient determines the fraction of the
potential applied to the membrane that affects charge
transfer in the protein, or how much less charge is car-
ried by the external circuit under short-circuit condi-
tions compared to the charge carried inside the protein
[25]. Electrogenic transport was studied in isolated
cardiac myocytes, oocytes, squid giant axons, as well
as in isolated membrane fragments (by the patch-
clamp technique) [26—28]. Due to the fact that the
electric current generated by the Na*,K*-ATPase is
low compared to the typical currents recorded in ion
channels, the standard patch-clamp technique proved
to be inapplicable, and a “giant patch-clamp” tech-
nique was developed for recording such currents,
which made it possible to greatly expand the area of an
isolated membrane fragment [29, 30].

RESEARCH IN BILAYER MEMBRANES

The study of the Na*",K*-ATPase in bilayer lipid
membranes (BLM), began with the works of two
research teams from Germany [31, 32]. They failed to
incorporate the Na*,K*-ATPase into a lipid bilayer,
and membrane fragments containing this protein were
adsorbed on the BLM surface; as a result, a sandwich-
like structure consisting of two membranes was
formed (Fig. 2).

One of the sides of the membrane with the
Na*,K"-ATPase in this case faces the cleft between

BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: MEMBRANE AND CELL BIOLOGY Vol. 16 No.4 2022



284 SOKOLOV
(a) (b)
hv
l ADP
Caged-ATP —>ATP AT Ps
Nat ——> -®

N

Fig. 2. (a) Schematic representation of BLM with the adsorbed membrane fragment containing the Na+,K+-ATPase [25]. The
solid line shows the electric potential profile appearing as a result of charging of the contacting membranes during ion transfer by
the Nat,K"-ATPase under short circuit conditions. (b) An equivalent electrical scheme: C,, total capacitance of Na® K-
ATPase-containing membrane fragments adsorbed on BLM; Cf, capacitance of the BLM region contacting the fragments;

Ip(t), current generated by all active Na+,K+-ATPases; 1(f), current recorded in the experiment.

the latter and the BLM. Such structure does not allow
controlling the potential on the membrane with the
Na*,K"-ATPase and recording the direct electric cur-
rent (dc) passing through the latter; only an alternating
current (ac) can be recorded there under short circuit
conditions. It is due to the fact that charge shift in the
protein leads to a change in the charge of electrical
capacitance of the Na*,K*-ATPase-containing mem-
brane fragment and, for its compensation, in the exter-
nal circuit there is a charge shift in the reverse direc-
tion, as is recorded in the experiment. The transient
currents in the Na*,K*-ATPase were initiated using
the so-called “Caged” compounds [33], where the
substrate necessary for the Na*,K*-ATPase function-
ing was quickly released from the inactive complex
under the exposure to UV light flash. The most popu-
lar compound was Caged-ATP that made it possible to
“switch on” the Na*,K*-ATPase owing to rapid
release of ATP molecules. Later on, other compounds
were used in the study of the Na*, K*-ATPase: Caged-
P for the rapid release of phosphate [34], as well as
Caged-H™ for quick changes in pH.

This model system was used at the Laboratory of
Bioelectrochemistry to study the Nat,K*-ATPase.
The studies started at the initiative of
Yu.A. Chizmadzhev. Great assistance was provided by
Professor H.J. Apell from the University of Konstanz
(Germany). At the beginning of the research it was
already known that electric currents appear in the
Na*,K"-ATPase in the absence of potassium ions,
when the protein cannot perform a full cycle of func-
tioning, and the main contribution to the electric cur-
rent under these conditions is made by the transfer of
sodium ions in the access channel open on the extra-

cellular side of the protein. Such transfer results in the
appearance of transient currents, which were observed
in the experiments with cells in response to the abrupt
change in membrane potential. The controlled appli-
cation of potential to the membrane fragments
adsorbed on BLM is impossible, and transient cur-
rents were observed in response to the rapid release of
ATP from Caged-ATP. To study the effect of electric
field on these transient currents, an original approach
was developed based on the application of a sinusoidal
alternating voltage to the membrane, resulting in the
appearance of the alternating component of the cur-
rent. In the experiment, this component of the current
could be measured as a change in capacitance and
conductance of the membrane with adsorbed frag-
ments containing Na*,K*-ATPase [35] in response to
the rapid release of ATP from Caged-ATP. This
approach made it possible to study the sodium current
in the Na*,K*-ATPase within a wide range of sodium
ion concentrations. In addition to the transfer of
sodium ions in the extracellular channel, which was
rather well-studied, this approach made it possible to
detect the transfer of sodium ions in the intracellular
channel. Such process results in appearance of an
electric current of a lower value compared to the cur-
rent assigned to the movement in the extracellular
channel because the depth of the intracellular channel
is considerably less than the depth of the extracellular
one. The movement of sodium ions in this channel
occurs in the absence of ATP; but after the binding
and hydrolysis of ATP, this channel closes and the
extracellular channel opens. This, ion transport in the
intracellular channel could not be detected in the
experiments with cells, where electric currents were
recorded in the presence of ATP. The experiments car-
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Fig. 3. Theoretical model of nonstationary transport of sodium ions by the Na+,K+—ATPase [36]. Left, the set of states of the
Na',K*-ATPase during ATP hydrolysis. ¢, cytoplasmic side of the system; e, extracellular side. E1 and E2 designate the protein
in two different conformations. On the right, the dynamic potential barriers introduced into consideration by Lauger and Apell
[19, 24]. The sodium ion involved in the transport is marked with a black circle.

ried out by this method made it possible to investigate
in detail the movement of sodium ions both in the
extracellular and intracellular channels, to determine
the rate of movement and the relative depth of the
channels (dielectric coefficient). For this purpose,
with direct participation of Yu.A. Chizmadzhev, a
theoretical model of the movement of sodium ions in
the Na*,K*-ATPase channels was developed [36]
(Fig. 3).

THEORETICAL MODEL OF SODIUM ION
MOVEMENT IN THE CHANNELS
OF Na*,K*-ATPase

The transport of sodium ions is considered as a
transition between several protein states with the
access channels for ions open at the cytoplasmic (des-
ignated as E1) or extracellular (E2) sides of the mem-
brane. From the physical point of view, all states of the
protein can be presented as a sequential change of
potential barriers for sodium ions in the membrane.
There is also a state of occlusion when the ion is locked
(is in a potential pit between two high potential barri-
ers). In all other states, only one of these high barriers
remains, closing the channels from either extracellular

(states c0 and cl) or cytoplasmic side (states 2 and 3).
Only the movements of sodium ions in the cytoplas-
mic and extracellular access channels are considered
to be electrogenic (the transitions between states c0
and c1, as well as between states 2 and 3). These tran-
sitions are Na™ diffusion or migration in the access
channels when there are no conformational rearrange-
ments in the protein. The movement of ions in the
channels occurs due to the application of electric
potential to the membrane and results in appearance
of an electric current in the external circuit. If the elec-
tric field and the concentration of Na* ions in the
channels are low, the ion transport in these channels
can be considered as the hops over low (compared to
those considered above) potential barriers. Mathe-
matically, the transitions between the states were rep-
resented by differential equations, the solution of
which made it possible to determine the changes in
capacitance and conductance of the membrane
depending on the concentration of sodium ions and
the frequency of applied alternating voltage. This
explained the experimental results obtained in a model
system consisting of Na*,K"-ATPase-containing
membrane fragments adsorbed on BLM.
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Fig. 4. Signals recorded at two concentrations of sodium ions: 150 mM (leff) and 3 mM (right). From top to bottom: the current
recorded in the experiment, the integral of this current, and the calculated changes in capacitance and conductance over time,
used to determine changes in membrane admittance. Arrows indicate the moments of UV light flashes. Aqueous solutions con-
tained: 150 mM NaCl, 10 mM MgCl,, 30 mM imidazole, | mM EDTA, pH 6.5, as well as 100 uM Caged-ATP and the suspen-
sion of fragments with NaJr,KJr -ATPase (0.05 mg protein per 1 mL solution).

IMPEDANCE MEASUREMENTS ON BLM

In the experiment, the alternating voltage was
applied to the membrane and the kinetics of current
during the photoinduced release of ATP from Caged-
ATP were recorded [37]. The time course of short-cir-
cuit current, its integral, as well as changes in the
capacitance and conductance of BLM with the
adsorbed fragments containing Na*,K*-ATPase in
response to ATP release from Caged-ATP due to UV
light flash are shown Fig. 4. The records are presented
at two concentrations of sodium ions: 150 mM (/left)
and 3 mM (right). At a high concentration of sodium
ions, the ATP release causes an increase in the mem-
brane capacitance and conductance, while at a low
concentration, the capacitance decreases. The
decrease in the membrane capacitance at low concen-
tration of sodium ions, in accordance with the model
considered above, is due to recording the difference
signal in the experiment: the alternating current mea-
sured after the introduction of ATP is subtracted from
the current measured in the absence of ATP. There-
fore, the negative increment of capacitance and con-
ductance can be caused by the electrogenic ion trans-

port, which is suppressed during ATP hydrolysis and
subsequent phosphorylation of the Na*,K*-ATPase.
Such transport is an electrogenic movement of ions in
the cytoplasmic channel of the Na*,K*-ATPase.

The dependences of the increments of the mem-
brane capacitance and conductance on the frequency
of alternating voltage were measured at different
sodium ion concentrations in the range from 3 mM to
1 M. According to the model under consideration, the
frequency dependences of the increments of capaci-
tance AC and conductance AG were described by the
linear combination of the Lorenz functions with dif-
ferent characteristic frequencies. In the frequency
domain, these functions are equivalent to the expo-
nents in the time domain, which were used to describe
transient currents after a sudden change in potential in
the experiments on cells. Each of these functions rep-
resents the transition of protein between the two states,
while the respective characteristic frequency rep-
resents the rate of such transition. Characteristic fre-
quency , represents the rate of conformational tran-
sition from E1 to E2. This is the slowest stage. Charac-
teristic frequencies ®; and ®, represent the rate of
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Fig. 5. The dependence of amplitudes (above) and characteristic frequencies (below) of the Lorenz functions approximating the
frequency dependences of changes in capacitance and conductance, caused by stepwise release of ATP during the functioning of
the Na+,K+—ATPase, on the concentration of sodium ions in the solution. Dots represent the average results of at least three

experiments. Solid lines are theoretical curves [37].

movement of sodium ions in the extracellular and
cytoplasmic access channels, respectively. The ampli-
tudes of these functions depend on sodium ion con-
centrations, reaching the maximum value at a concen-
tration close to the dissociation constant of ion bind-
ing site at this stage. The amplitude of C, with the
negative sign represents the contribution to the alter-
nating current of the movement of sodium ions in the
cytoplasmic channel, which closes after the transition
of the Na*,K*-ATPase into state E2 as a result of ATP
hydrolysis:

2 2 2
AC=C—=2 12— -0, 52—+

2 2 2 29 2 i
o + o, o + o o+,
2 2 2
(O] (O] (O]
o + o, + o + o,

As a result of approximation of the frequency
dependencies of capacitance and conductance by
these functions, the values of their parameters at dif-
ferent concentrations of sodium ions in solution were
obtained. The dependences of the C,, C,, C, ampli-
tudes and the characteristic frequencies ®,, ®,, ®,, of
three Lorenzians on the concentration of sodium ions
are shown in Fig. 5.

The assignment of the characteristic frequency ®,
to the rate of conformational transition E1—E2 of the
Na*,K"-ATPase was confirmed by studying of the
effects of high salt concentrations on the kinetics of
protein functioning. It was shown that the salt at high
concentrations slows this conformational transition
[38]. The experiments on BLM performed by the
techniques used have shown that the increase in the
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concentration of anions CI~, Br—, or I~ leads to a con-
siderable decrease in the value of m, [39]. The values of
the rates m, and ®, proved to be several times lower
than the time constants of exponents approximating
the transient currents measured by the voltage clamp
method at a squid giant axon [26]. Such difference can
be caused by several factors. One of them may be sig-
nificant temperature dependence of the Na® ,K'-
ATPase: measurements on cells were usually per-
formed at about 37°C, whereas in the present work the
measurements were performed at lower temperatures
(20—-25°C).

The Na* dissociation constant in the binding site,
1/K,, turned out to be 0.74 M on the extracellular side
and 1.5 mM on the intracellular side. These values are
close to the published data obtained with fluorescent
probes, where they were 500 mM and 1-5 mM,
respectively (in the latter case, the value depended on
the concentration of magnesium ions) [40, 41]. The
constants of the rate of binding and release of sodium
ions in the cytoplasmic channel have been determined

for the first time: the former (k,,, the rate constant of

the transition from state c1 to state c2) is about 2.4 s7!,

the latter (k,,, the reverse transition) is about 500 s~!.
The rate constant of the transition between states 2
and 3 (the release of Na* from the extracellular access
channel) is about 1500 s~!. The dielectric coefficient of
sodium movement (characterizing the relative depth
of the channel connecting the solution with the bind-
ing site) on the cytoplasmic side (0.2) proved to be
much less than that on the extracellular side (0.89).
Thus, the binding site of the third sodium ion is local-
ized in the membrane asymmetrically and is closer to
the cytoplasmic side of the membrane. Although the
estimates obtained are rather coarse, they are in good
agreement with the estimates of dielectric coeffi-
cients obtained by independent methods, where the
values of dielectric coefficients were 0.25 for the
cytoplasmic channel and 0.7 for the extracellular
channel [18, 42, 43].

INVOLVEMENT OF PROTONS
IN THE FUNCTIONING
OF THE Na*,K*-ATPase

Subsequent works were devoted to a more detailed
study of the binding and transport of sodium and
potassium ions on the cytoplasmic side of the protein.
It has been shown that ion binding occurs in exchange
for protons. The proton transport and the effect of pH
on the transport of other ions by the Na*,K*-ATPase
were investigated by several research teams [44—47]. It
has been shown that pH not only affects the rate of the
Na*,K"-ATPase functioning, but protons are involved
in the transport cycle and, under particular condi-
tions, can be transferred by the protein instead of
sodium and potassium ions. This can be expected
because of homological and structural similarity

SOKOLOV

between the Na* ,K*-ATPase and other P-type
ATPases capable to transport protons across the mem-
brane, especially the K™, H*-ATPase. The latter is
most similar in structure to Na',K*-ATPase, and
under certain conditions they can “substitute” for
each other [48, 49]. The involvement of protons in the
Na*,K*"-ATPase functioning is also indicated by X-ray
structural data showing that ion binding site in the
protein involves negatively charged dissociated amino
acid residues, which can be in a protonated state at low
ion concentrations [12]. Our studies carried out on
BLM with the application of alternating voltage have
shown that ATP-triggering electric currents depend on
pH and can be observed in the absence of Na* ions,
suggesting the possibility of proton transport by the
Na*,K*-ATPase [50]. Another compound, Caged-H*,
was used instead of Caged-ATP to initiate electric sig-
nals for the more detailed study of the involvement of
protons in the Na',K*-ATPase functioning. This
makes it possible to study the displacement currents in
the cytoplasmic channel of the Na*,K"-ATPase
caused by a rapid pH jump. As a result of these studies,
we have succeeded in determining the dissociation
constants of sodium and potassium ions in the binding
site on the cytoplasmic side of the protein [51—53].

CONCLUSIONS

The impedance method used to study active ion
transport by the Na*,K*-ATPase allowed us to obtain
significant information on the mechanism of this
transport, in particular, to estimate kinetic and equi-
librium parameters of ion binding, as well as the rela-
tive depths of channels connecting ion binding sites
with solutions on both sides of the protein.
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