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Abstract—The conclusions made in the three papers published in Function by Juhaszova et al. [ Function, 3, 2022, zqab065,
zqac001, zqac018], can be seen as a breakthrough in bioenergetics and mitochondrial medicine. For more than halfa century,
it has been believed that mitochondrial energetics is solely protonic and is based on the generation of electrochemical poten-
tial of hydrogen ions across the inner mitochondrial membrane upon oxidation of respiratory substrates, resulting in the gen-
eration of ATP via reverse transport of protons through the ATP synthase complex. Juhaszova et al. demonstrated that ATP
synthase transfers not only protons, but also potassium ions, with the generation of ATP. This mechanism seems logical, giv-
en the fact that in eukaryotic cells, the concentration of potassium ions is several million times higher than the concentration
of protons. The transport of K* through the ATP synthase was enhanced by the activators of mitochondrial ATP-dependent
K* channel (,,K/ATP), leading to the conclusion that ATP synthase is the material essence of ,K/ATP. Beside ATP genera-
tion, the transport of osmotically active K* to the mitochondrial matrix is accompanied by water entry to the matrix, leading
to an increase in the matrix volume and activation of mitochondrial respiration with the corresponding increase in the ATP
synthesis, which suggests an advantage of such transport for energy production. The driving force for K* transport into the
mitochondria is the membrane potential; an excess of K* is exported from the matrix by the hypothetical K*/H* exchangers.
Inhibitory factor 1 (IF1) plays an important role in the activation of ,K/ATP by increasing the chemo-mechanical efficiency
of ATP synthase, which may be a positive factor in the protective anti-ischemic signaling.
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INTRODUCTION

Inthebiological, and in particular, biochemical world,
there is a dilemma of creating of two types of systems: one
of them is based on the highest level of specificity, leading
to a high selectivity of its components (e,g., hormone-re-
ceptor system), and the other is based on the overwhelm-
ing quantitative predominance (for example, non-selective
buffering of ions and organic molecules by albumins. Note
that although it is generally recognized that albumin is
present in the extracellular environment, e.g., the blood-
stream, due to the fact that it is synthesized on cellular ri-
bosomes, albumin must remain inside the cell for at least

some time in the immature form [1]). A combination of
selective and non-selective strategies in the interaction of
biological molecules has been discussed very superficially.
But if we consider mitochondrial energetics, which after
awarding two Nobel prizes (in 1978 and 1997), has been
recognized exclusively as protonic, is seems reasonable to
raise the following question. How can the system trans-
porting protons, the concentration of which in the cytosol
is ~107 M (pH 7.2-7.4), ignore the presence of another
monovalent cation, potassium, whose cytosolic concen-
tration is millions times higher (|[K*] = 1.4 x 10" M). To
be fair, we should mention that prokaryotes living in the
environment with a high sodium content, comprise both
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the Na* translocating pump of the electron transport chain
[2, 3] and the ATP synthase utilizing the Na* gradient [4].
Therefore, the proven cases of monovalent metal cation
transport instead of a proton exist in the energetics of living
organisms, which is quite logical, because transport sys-
tems are organized in such a way that a high selectivity for a
proton could, in principle, be overcome by the quantitative
predominance of another monovalent cation. Hence, we
can assumed an existence of not only protonic, but also
potassium mitochondrial energetics.

THE DISCOVERY OF POTASSIUM ENERGETICS

The basal permeability of the ATP synthase chan-
nel for protons and potassium ions (Py* and Px*) was es-
timated as 5.2 £ 0.9 x 10-" and 8.7 £ 2.9 x 1077 m3/s,
respectively. Addition of diazoxide, an activator of the
mitochondrial ATP-dependent K* channel (,,K/ATP),
increased these values approximately 3.5 times to
2.2+ 1.3 x 107" and 3.0 £ 1.4 x 10~'® m?/s, respective-
ly, thus maintaining the selectivity of the Fo channel at
~10°: 1 with a strong preference for the proton transport
over potassium ions (figure).

pH 7.4 g

[H1=4x10 "M
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The question was raised and investigated in three
consecutive papers published in Function [5-7], and the
answer was that potassium energetics in the mitochon-
dria does exist. It is based on the ability of mitochondrial
ATP synthase for the potassium ion transport coupled with
ATP synthesis. Moreover, such transport not only exists,
but also prevails over proton transport — it was shown that
per each transported H*, mitochondrial ATP synthase con-
ducts 3.7 K*, and transfer of both these ions is associated
with ATP synthesis. Basal potassium ion transport was de-
tected upon reconstitution of mitochondrial ATP synthase
in the liposomes (in the presence of potassium gradient),
which increased after addition of diazoxide to the medium.
This increase was blocked by venturicidin (ATP synthase
proton channel inhibitor) and by the ATP-dependent
K* channel inhibitor 5-hydroxydecanoate. It means that,
firstly, the ATP synthase complex is the material basis of
~K/ATP and, secondly, it can transport potassium ions.
Moreover, diazoxide equally enhanced the transport of
K* and H* through the synthase, which was one of the
facts confirming that protons and potassium ions use the
same route in the ATP synthase complex.

Until recently, the nature of ,K/ATP has been a
subject of extensive search that have resulted in many

pK 0.85
[K7=1.4x10"1m

Schematic representation of the inner mitochondrial membrane with the ATP synthase complex. Protons and potassium ions are transported through
the rotary part of the complex immersed in the membrane. The permeability of the complex differs significantly for the transported ions, with a strong
preference for protons over potassium ions (~10° : 1). The intracellular K* contents exceed the proton content more than 10 million times, which
allows the K* transport through the ATP synthase associated with the ATP synthesis. Moreover, due to the fact that potassium ions are osmotically
active in comparison with protons, their transport to the mitochsondrial matrix is accompanied by the transport of water molecules (see the text),

which activates respiration and promotes ATP synthesis
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discoveries and disappointments [8, 9]. The impor-
tance of identifying the nature of ,K/ATP was unde-
niable, because activation of this channel can afford
cardio- and neuroprotection [9-12], which makes ,K/
ATP activators potential drugs, in particular, the anti-
ischemic agents.

One of the remarkable methodological aspects of
the studies was an indirect proof of the rotary mechanism
of the ATP synthase complex. Back in 1981, future No-
bel laureate Paul Boyer wrote about a possible existence
of the rotary component in this complex [13]. The hy-
pothesis on the rotary mechanism of ATP synthase was
independently proposed by Australian scientists in 1984
[14]. That time, it was assumed that the -, y-, d-, and
e-subunits of the complex rotate, i.e., both parts of F,
and some parts of F, rotate. It was also suggested that
rotation can be reversed and is triggered in a particular
direction depending on whether the ATP synthase com-
plex exhibits synthase or hydrolase activity. Probably, the
necessity to include the (3-subunit (part of F)) in the ro-
tary complex was caused by the fact that the catalytic site
is located in the B-subunit, which, as Boyer suggested,
undergoes strong conformational rearrangements during
transition from the state of tightly bound nucleotides to
the state leading to the ATP release from the catalytic
site [15]. Later, in 1986, the same Australian group mod-
ified their hypothesis by presenting a model according
to which all proposed elements rotate in complete de-
pendence on each other [16]. At the same time, in 1985,
Nobel laureate Peter Mitchell also published a hypoth-
esis, which he called a “rolling well” [17]. However, all
these hypotheses were revised when the Walker’s group
obtained a crystal of F,-ATPase [18] and then, based on
the X-ray diffraction analysis, reconstituted the structure
of the entire ATP synthase complex, including the rotor,
whose mechanical energy is harnessed to release ATP
from the catalytic site and the stator [19]. In 1996, the
Junge’s laboratory demonstrated the physical rotation
of the y-subunit of the complex [20]. The rotary mecha-
nism of the ATP synthase complex was finally proven by
an impressive work from the Yoshida’s laboratory, who
showed in real time a visually distinguishable spinning of
the rotary fragment within the complex after attachment
to the y-subunit of fluorescently labeled biotinylated ac-
tin filament [21].

Juhaszova et al. used the following simple idea — if it
can be proven that functioning of the ATP synthase ma-
chinery is coupled to the cation (proton, K*) transport, it
is logical to assume that if the cation transfer (transmem-
brane current) takes place, it is coupled to the spinning
of the rotary fragment (c-subunit ring and y-subunit),
and the direction of this rotation (clockwise or counter-
clockwise) depends on the direction of transmembrane
current (ion transfer toward the matrix or toward the cy-
toplasm) [5-7]. And vice versa, in a system with the re-
constituted ATP synthase complex, the direction of ro-
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tation of the rotor can be deduced from the direction of
transmembrane current. That is exactly what was done by
the authors: after applying pH or K* gradient to the phos-
pholipid bilayer membrane with the incorporated ATP
synthase complex, they observed a current with typical
characteristics of a current mediated by the ion channels.
This channel activity was activated by diazoxide and sup-
pressed by the ATP synthase inhibitor venturicidin and
high ATP concentrations, i.e., demonstrated the proper-
ties of both ,,K/ATP and ATP synthase. Application of
voltage of the opposite sign determined the characteris-
tics of the current and indirectly indicated the direction
of the rotor spinning, whereas varying the applied trans-
membrane potential and ATP concentration allowed to
estimate the torque created by both factors under differ-
ent conditions.

It should be admitted that quantitative assessment
of ATP synthesis associated with potassium transport in
the used model systems (liposomes or a single ATP syn-
thase molecule) is extremely difficult; however, using
isolated rat heart mitochondria, the authors obtained
reasonable values of approximately 70 nmol phosphor-
ylated ADP per minute per mg protein in a potassi-
um-free medium and about 250 nmol phosphorylat-
ed ADP per minute per mg protein in a medium with
potassium ions.

The gradient of K* ions on the inner mitochondrial
membrane is unnecessary for the K* transport associated
with the mitochondrial ATP synthesis, because the driv-
ing force of this transport is the presence of an electric
field through the membrane. It is assumed that potas-
sium ions entering the mitochondrial matrix are further
used by the K*/H* antiporter, which establishes the “sta-
tus quo” for the K* ions outside and inside the mitochon-
dria. However, there is some advantage of potassium ion
transport over proton transport, which lies in the fact that
potassium ions, unlike protons, are osmotically active.
Hence, accumulation of K* in the matrix is accompanied
by the water entry into the matrix, i.e., swelling of the
mitochondria. It has been shown that a small (regulatory)
swelling of mitochondria (not accompanied by a drop in
the transmembrane potential) leads to the activation of
mitochondrial respiration [12] and, accordingly, to an in-
crease in the coupled ATP synthesis, which is important
under increased physiological loads. Thus, the transport
of potassium ions into the mitochondria via the Fo ATP
synthase channel is advantageous not only because of the
associated ATP synthesis, but also because activation of
the K* channel provides better response to the increased
loads via activation of mitochondrial respiration and ad-
ditional ATP synthesis caused by a moderate (up to several
percent) increase in the mitochondrial volume. As it has
become clear, the efficiency of the ATP synthase com-
plex is regulated by the protein inhibitor IF1 [22], which
binds to the (3- and y-subunits and, according to the pre-
vailing view, inhibits ATP hydrolysis (in particular, this
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process takes place in hypoxia, when the generation of
membrane potential by the respiratory chain ceases and
the membrane potential is maintained by the reversal of
the ATP synthase reaction, i.e., by ATP hydrolysis [23]).
The absence of IF1 in the mitochondria causes the loss
of the ability of ,K/ATP activators to enhance the ion
transport through the mitochondrial ATP synthase [5-
71, leading to the loss of the above-mentioned protective
properties.

Moreover, electrophysiological experiments and
bioinformatic analysis demonstrated that IF1 belongs to
the group of BH3 domain proteins (which, for example,
includes Bad). It was suggested that endogenous regula-
tors of IF1 are proteins with a high affinity to the BH3
domain (such as Bcl-xL and Mcl), which ensures their
binding to IF1, resulting in the release of the latter from
the ATP synthase complex and abolishment of its inhib-
itory effect.

The idea that excessive potassium ions are pumped
out of the mitochondria by the K*/H* antiporter does not
exclude an existence of other mechanisms. The data that
the respiratory complex I in mammalian mitochondria
can function as a Na*/H* antiporter [24] are challenging
and do not exclude the possibility of the monovalent ion
(in particular, K*) transport in the mitochondrial respi-
ratory chain.

It should be emphasized that while confirming the
existence of potassium energetics, it was noted that the
permeability of the ATP synthase channel for potassium
ions is very close to that for sodium ions [5], which sug-
gests that the ATP synthesis associated with the trans-
port of sodium ions is possible if the content of sodium
ions is million times higher than the concentration of
protons. Normally, the concentration of sodium ions
in a eukaryotic cell is several millimoles per liter, but it
might significantly increase under certain pathological
conditions. Moderate sodium overload due to the open-
ing of sodium channels and weak activity of antiporters
pumping Na* out of the cell has been described for ex-
citable tissues, such as heart and brain. For example, in
the cytoplasm of granular neurons, an increase in the
Na* concentration to 60 mM and higher was detected
after activation of NMDA or kainate receptors [25, 26].
Sharp increase in the intracellular sodium concentration
was observed in the failed heart [27]. There are also re-
cent indications of the presence of mitochondria in the
bloodstream, where the content of sodium ions is similar
to the intracellular concentration of potassium ions. All
the above information allows to suggest a significant con-
tribution of non-protonic, namely sodium, mitochondri-
al energetics, which can obviously become a subject of
future research.

However, it is still impossible to consider chang-
es in the intracellular content of any of these monova-
lent ions as exclusive conditions for the unidirectional
switch of protonic energetics to the alternative one (po-
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tassium or sodium), if we take into account that, first-
ly, as we have already indicated, the permeabilities of
the “proton” channel for potassium and sodium ions
are very close, and, secondly, the total concentration
of potassium and sodium ions is presumably constant,
i.e. [K]; + [Na]; = const. Therefore, the non-protonic,
i.e., potassium or sodium mitochondrial energetics will
be a permanent value making the same contribution to
the gross mitochondrial energetics, regardless of the ra-
tio of these ions, which may change, in particular, when
the resting potential on the cell membrane changes. It
should be noted that without taking into account the role
of specific regulators, the proton energetics, in theory,
should also be more or less constant, considering fairly
stable intracellular pH. Such direct logic does not require
to provide a scheme of what will happen to the cell if it
transports only potassium ions through the ATP synthase
complex. However, this logic requires verification, given
that sodium and potassium ions have different effects on
the mitochondrial ATPase activity [28]. It is also neces-
sary to take into account the regulatory function of the
ATP synthase protein inhibitor during transition to the
potassium energetics [5, 6], which requires further re-
search to construct a general scheme of participation
of sodium and potassium ions in the energy production
and transduction.

CONCLUSIONS

The importance of the works of Juhaszova et al. is
determined by the following. Firstly, they significant-
ly contributed to the basic paradigms of bioenergetics.
Secondly, the obtained data can be used in pharmacol-
ogy to reformat the strategy of fighting against ischemic
diseases due to the discovery of the nature of ,K/ATP,
which, as it became clear, is another function of mito-
chondrial ATP synthase. Since modulators of the ATPase
activity are well developed, we can expect an emergence
of new anti-ischemic agents based on these compounds,
which opens new horizons for the therapy of heart attacks
and strokes.

On the other hand, although this discovery rep-
resents a significant breakthrough in the fundamental
biology and medicine, a number of problems remain
unresolved related to the functioning of ATP synthase.
First of all, it is unclear which cellular components play
a role of endogenous regulators of this enzyme, which
has deserved such remarkable epithets, as the “lord of the
(c-) ring” [29], “marvelous” [30], “splendid” [31], and
“wind-up toy” [32].
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