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Abstract—A brief description of the principal directions for searching and investigating the model of local coupling between
respiration and phosphorylation proposed by R. Williams is given in this paper. We found conditions where it was possible
to reveal typical functional special features of the mitochondrial phosphorylating system. According to the theory, such spe-
cial features should be observed experimentally if the mitochondrial phosphorylating system operated in the state of a super-
complex. It was proved that the phosphorylating system is able to operate in two states: P. Mitchell state and R. Williams
state. It was demonstrated that in the ATP synthesis reaction, ATP-synthase (F,F,) was able to use thermodynamic poten-
tial of Bronsted acids as a source of energy. It was shown using a double-inhibitor titration technique that when the phos-
phorylating system operated in the supercomplex state, the electron transfer system and ATP-synthesis system were docked
rigidly. A model system of chemical synthesis of membrane-bound proton fraction (Bronsted acids), carrying a free energy
excess, was developed on the model of bilayer lipid membrane. Catalysts selectively accelerating proton detachment of this
fraction were also found. The formation of a Bronsted acids fraction carrying free energy excess was recorded during the
operation of proton pumps on mitochondrial and mitoplastic membranes. In the experimental part of the work, a brief
description is given of studies on new uncouplers that transfer the phosphorylation system from the local coupling state to
the state of transmembrane proton transfer. Thus, they accelerated the respiration of mitochondria and decreased the

ADP/O parameter.
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uncouplers deactivating local coupling

Two models of proton coupling of respiration and
phosphorylation of mitochondria were proposed in 1961.
The mechanism proposed by P. Mitchell [1] is now
adopted universally. This mechanism suggests that the
initial stage of transformation of oxidative reaction ener-
gy can be represented by induction of electrochemical
potential of hydrogen ions on the inner mitochondrial
membrane realized by proton pumps through a trans-
membrane transfer of hydrogen ions. According to this
model, the autonomously functioning ATP synthase sys-
tem uses the membrane potential energy for synthesis of
ATP. The local coupling mechanism proposed by R.
Williams [2] suggests that the energy can be directly trans-

Abbreviations: BLM, bilayer lipid membrane; SkQ3, [10-(2,4,5-
trimethyl-3,6-dioxocyclohexan-1,4-dien-1-yl)decyl]tri-
phenylphosphonium chloride; TCP-C,s, 2,4,6-trichloro-3-
pentadecylphenol.

* To whom correspondence should be addressed.

ferred from the respiratory proton pumps to ATP synthase
with the involvement of hydrogen ions within a mem-
brane supercomplex including both H*-pumps and ATP
synthase complex.

It should be noted that, according to Eugen, the full
energy of proton solvation in an aqueous phase is
>260 kcal/mol. Considering that synthesis of 1 mol of ATP
is associated with storage of 7.3 kcal/mol [3] and that 2.7-
3.3 protons are spent for synthesis of one ATP molecule
[4], it is concluded that energy needed for synthesis of ATP
can be stored with a great excess due to energy of a partial
dehydration of the proton. The model proposed by
Williams admits this mechanism of energy storage because,
according to this model, during ATP synthesis energy is
transferred onto ATP-synthase not by “free” fully hydrat-
ed protons, but by protons bound with the membrane com-
plex, or Bronsted acids, which are well screened from the
free water phase and therefore can be transferred onto ATP
synthase in a partially dehydrated form.
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Our purpose was to test the correctness of the
hypothesis of Williams. Doing this, we had also to answer
the question whether Mitchell’s model was true. After
some unsuccessful attempts to execute this second and
not easy task, we found a decision promising for study of
the local coupling mechanism. It occurred that the
oxidative phosphorylation system could function in two
forms: in a dissociated form corresponding to Mitchell’s
model and in a supercomplex form corresponding to
Williams’ model. During our studies, we found that at
low tonicity of the incubation medium (120 mOsm) dur-
ing transition to the low-amplitude swelling of mito-
chondria, the functional parameters of the system corre-
sponded to its functioning in the supercomplex state [5,
6].

DETECTION OF TWO FUNCTIONING STATES
OF THE MITOCHONDRIAL
PHOSPHORYLATING SYSTEM

Changes in functional parameters of the mitochon-
drial phosphorylating system were accompanied by a deep
rearrangement of the mitochondrial membrane ultra-
structure that we recorded for mitochondria by electron
microscopy [6] and by the method of small-angle diffrac-
tion of neutrons on “living” functioning mitochondria
[7]. Moreover, strongly pronounced structural changes in
the protein and lipid components of the mitochondrial
membrane were recorded with a fluorescent probe [6].
Using double inhibitory analysis, it was shown that in a
functioning supercomplex the electron transfer system of
enzymes and the system of ATP synthesis were rigidly
coupled to each other similarly to the clock mechanism
details, which stopped working when rotation of any ele-
ment was blocked [5].

Thus, both variants of proton coupling in the phos-
phorylating system were found to be true. This discovery
allowed us to continue experiments to find out and study
conditions of generation and properties of membrane-
bound hydrogen ions with excess of free energy (more
accurately, membrane-bound Bronsted acids). The
experiments were conducted on mitochondria and on
model systems.

These studies included a systematic search for spe-
cific functional features of the mitochondrial phosphory-
lating system, which, according to the theory, could be
observed during operating of this system in the supercom-
plex state.

BRONSTED ACIDS AS SUBSTRATES
OF ATP SYNTHASE

At the initial stage of the study, we obtained a
response to the key question associated with energy trans-
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fer onto ATP synthase during the system functioning in
the supercomplex state. A positive response to the ques-
tion whether ATP synthase could use the thermodynam-
ic potential of Bronsted acids as a source of energy was
obtained on a binary octane—water system. In this sys-
tem, ATP synthase (F,F,) isolated from heart mitochon-
dria was accumulated on the interphase border (on the
aqueous phase side). Substrates of phosphorylation were
added into the aqueous phase of this system. As a source
of energy in the reaction of ATP synthesis, on the inter-
phase border the thermodynamic potential was used of a
Bronsted acid (pentachlorophenol), which was added
into the hydrophobic octane phase [8].

FORMATION OF A FRACTION OF MEMBRANE-
BOUND HYDROGEN IONS WITH EXCESS
FREE ENERGY ON A BILAYER LIPID MEMBRANE

The first successful attempt of recording the proton
binding with the membrane surface during operating of
the proton pump was described for a model of rhodopsin
patches in work of Drachev et al. [9]. The authors found
that dissociation of membrane-bound Bronsted acids
produced during operating of the proton pumps there was
a rather high kinetic barrier promoting the proton holding
on the surface of rhodopsin patches.

A model system of proton transfer was developed in
our laboratory based on a bilayer lipid membrane (BLM)
[10, 11]. In this system, the transmembrane transfer of
hydrogen ions was limited by the reaction of proton
detachment from the lipid bilayer surface. Appearance of
the membrane-bound fraction of hydrogen ions with
excess of free energy was recorded directly. This finding
was in agreement with our theory that energy of oxidative
reactions could be stored as partially dehydrated mem-
brane-bound protons (more accurately, Bronsted acids)
[12]. Results of this work allowed us to suggest that
Bronsted acids cold be specifically dehydrated during
their transfer across the hydrophobic barrier of the lipid
bilayer.

ABOUT CATALYSTS OF DISSOCIATION
OF BRONSTED ACIDS BOUND
WITH THE MEMBRANE SURFACE

Work of Antonenko et al. [10] revealed an unusual
feature of weak bases — the citric acid anion (citrate) and
HEPES usually considered as pH buffers. However,
under conditions of experiments conducted on BLM,
they catalyzed the detachment of membrane-bound
hydrogen ions carrying excess free energy from the mem-
brane surface. If the medium pH was maintained con-
stant, an increase in the citrate (or HEPES) concentra-
tion decreased the positive surface potential induced by
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the transmembrane transfer of proton in the system (the
potential was measured by compensation of the internal
field of the membrane). It was also shown that weak bases
significantly strengthened the rate of proton transfer
across the bilayer and thus decreased pH value (measured
directly) in the membrane-adjacent unstirred layer. The
sign of the latter effect was opposite to the sign expected
in the case of citrate acting as a buffer because an increase
in the buffer concentration had to decrease but not
increase pH gradients in the system. Thus, a specific cat-
alytic effect was shown on the interaction of weak bases
with membrane-bound Bronsted acids during their disso-
ciation on the membrane surface. The catalysis in combi-
nation with the observed significant increase in the trans-
membrane flow of protons confirmed once more an
imbalance of the state and of a high free energy of mem-
brane-bound protons (Bronsted acids) generated under
the experimental conditions.

FRACTION OF “ENERGIZED” PROTONS
ON THE SURFACE OF MEMBRANES
OF MITOPLASTS AND MITOCHONDRIA

The detection of catalysts selectively accelerating the
dissociation of membrane-bound Bronsted acids carrying
free energy excess allowed us to easily detect the presence
of this fraction on the surface of mitochondrial mem-
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branes [13-15]. On the membrane of mitoplasts under
conditions of operating respiratory H™-pumps, we
recorded generation of the above-mentioned fraction of
“energized” protons. In these experiments, changes in
zeta-potential on the surface of mitoplasts were recorded
with a Zetasizer. These changes were caused by switching
on the H*-pumps and the subsequent addition of a cata-
lyst (HEPES) of the detachment of the “energized” pro-
tons from the membrane surface [13].

The same effect was observed on phosphorylating
mitochondria (in the presence of substrates: succinate,
ADP, phosphate) under conditions of close docking of the
inner and outer mitochondrial membranes in medium
with decreased tonicity (120 mOsm) [15].

In our works, we showed experimentally the appear-
ance of membrane-bound Bronsted acids carrying free
energy excess on membranes of mitoplasts [13] and mito-
chondria [14, 15]. Based on these experiments, we wrote
a full equation of the thermodynamic potential of hydro-
gen ions (AG) as the sum of the electrochemical
Mitchell’s potential (AuH) and the solvation potential
(Apg,,) resulting due to partial dehydration of membrane-
bound protons:

AG = A”H + A“solv‘

It was shown that the solvation potential energy
could be used for synthesis of ATP and that the catalyst of
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Fig. 1. Abolishment of stimulation of the respiration of rat mitochondria with the protonophore TCP-C,s through removal from the mito-
chondrial membrane surface of the fraction of energized protons under the influence of catalyst HEPES (20 mM) (a) and through switching
on the system of phosphate transfer (b) [18] (printed by permission of Springer).
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the proton detachment decreased by 15-30% the ADP/O
parameter [12, 16]. This result suggested that the fraction
of membrane-bound protons was involved in the synthe-
sis of ATP.

ABOUT TWO NEW MECHANISMS
OF RESPIRATION AND PHOSPHORYLATION
UNCOUPLING ASSOCIATED WITH OPERATION
OF THE PHOSPHORYLATING SYSTEM
IN THE LOCAL COUPLING STATE

In our laboratory, a new class of protonophores was
synthesized purposefully for selective interaction with the
fraction of surface-bound hydrogen ions. We synthesized
a surface-active derivative of phenol, 2,4,6-trichloro-3-
pentadecylphenol (TCP-C,;) [17], which was experimen-
tally shown to selectively interact with the fraction of
membrane-bound hydrogen ions. TCP-C,5 was shown in
many series of experiments [17, 18] to stimulate the res-
piration of mitochondria in the concentration range from
10 nM to tens of uM. If this fraction was removed with a
catalyst [10] or by switching on the system of phosphate
transfer [19] (Fig. 1), the uncoupling effect of this com-
pound virtually disappeared.

Works on a model system (a bilayer membrane)
revealed that TCP-C,; had features of a weak
protonophore (Fig. 2). The creation of pH gradient
between the cells was accompanied by appearance of
transmembrane potential of 45-48 mV.
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We also worked with the surface-active compound
[10-(2,4,5-trimethyl-3,6-dioxocyclohexan-1,4-dien-1-
yl)decyl]triphenylphosphonium chloride (SkQ3) [20,
21]. Comparative studies of SkQ3 and TCP-C,5 on mito-
chondria gave quite similar results (Fig. 3). Obviously,
this was associated with reduction of SkQ3 to hydro-
quinone in mitochondrial membranes and was partially
associated with the presence of fatty acids in the experi-
mental system. Experiments on BLM were conducted
with a beforehand reduced form of SkQ3 (SkQ3H,) on a
membrane formed from diphytanyl phosphatidylcholine
analog of diphytanoyl phosphatidylcholine that did not
have fatty acid radicals, and complex ether bonds were
replaced by simple ether bonds. The experiments revealed
that this compound had protonophore activity (Fig. 2).
The creation of pH gradient, equal to 1, was associated
with induction of the transmembrane potential with the
value of 40-45 mV that was commensurable with the the-
oretical value. The experiments were performed by a stan-
dard method in media containing 81 mM KCl and 3 mM
HEPES at pH 7.0. According to our work [20], pKsko3) =
9.5. Taking into account the decrease by 1.0-1.5 in the
dissociation constant pH value on binding surface-active
acids on the membrane/water interphase border, this
compound had to be an effective protonophore under
conditions of the experiment. The result (Fig. 2) did not
contradict data of the work by FE Severin et al. [22] that
the features of a protonophore displayed by SkQ deriva-
tives were associated with their ability to effectively form
heterodimers with fatty acids. They used the oxidized

SkQ3H,
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Fig. 2. Evidence of protonophore features of TCP-C,5 (a) and of the SkQ3H, reduced form (b). Volt-ampere characteristics of surface-active
protonophores in the absence and presence of pH gradient on BLM [23] (reprinted by permission of Springer).
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Fig. 3. Abolishment of stimulation of rat liver mitochondria respiration with the protonophore SkQ3 at the mitochondrial membrane surface
of the fraction of energized protons by addition of the catalyst HEPES (20 mM) (a) and by activating the phosphate transfer system (b) [21]

(printed by permission of Springer).

(quinoid) form of SkQ, which virtually does not interact
with protons and, as differentiated from the freshly pre-
pared reduced form used by us, does not have features of a
protonophore.

Thus, it has been shown that, independently of the
molecule structure, surface-active compounds have the
same features of weak uncouplers that selectively interact
with the fraction of membrane-bound protons that is pro-
duced on the mitochondrial membrane surface during the
activity of H"-pumps.

Studies of our laboratory performed for many years
established that weak bases incapable of penetrating
across membranes could act as weak uncouplers of oxida-
tive phosphorylation [12]. Our work on BLM [10] has
directly shown that addition of a catalyst increases the
transmembrane flow of protons, because under the exper-
imental conditions just the stage of proton detachment
from the membrane surface is the slow stage of the proton
transfer. It was shown in the work by Solodovnikova et al.
[12] that addition of a catalyst (20 mM HEPES)
decreased the efficiency of the phosphorylating system
ADP/O functioning. The decrease in the ADP/O param-
eter in these experiments was coupled with the switching
of the phosphorylating system from the local coupling
regimen using solvation potential in the ATP synthesis to
the state of the transmembrane transfer of a proton.

The study was financially supported by the Russian
Foundation for Basic Research (grant 13-04-01-630a).
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