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Abstract

Objectives. The study of proton transport in membrane structures represents a significant technological task in the
development of hydrogen energy as well as a fundamental problem in bioenergetics. Investigation in this field aims
at finding out the physical mechanisms of fast proton transport in the meso-porous structures in polymer electrolyte
membranes, which serve as electrochemical components of hydrogen fuel cells. The objectives of the research in the
field of bioenergetics are to elucidate the molecular mechanisms of effective proton transport in transmembrane
channel proteins, as well as along the surface proton-conducting structures in biological membranes. To investigate
the molecular mechanisms of the direct proton transport along the water-membrane interface, we developed a model
of proton movement along quasi-one-dimensional lateral domain structures in multicomponent lipid membranes.
Methods. The developed approach is based on a model of collective excitations spreading along the membranes
in the form of acoustic solitons, which represent the regions of local compression of polar groups and structural
defects in hydrocarbon chains of lipid molecules.

Results. The results of modeling showed that the interaction between an excess proton on the membrane surface
and a soliton of membrane compression leads to the proton being trapped by an acoustic soliton, followed by its
transport by moving soliton. The developed model was applied to describe effective proton transport along the inner
mitochondrial membrane and its role in the local coupling function of molecular complexes in cell bioenergetics.
Conclusions. The developed soliton model of proton transport demonstrated that collective excitations within lipid
membranes can determine one of the factors affecting the efficiency of proton transport along interphase boundaries.
Further development of the theoretical approaches, taking into account dynamic properties of polymer and biological
proton-conducting membranes, can contribute to the study of a role of surface proton transport in cell bioenergetics,
as well as to the investigation of transport characteristics of the proton-exchange polymer membranes developed for the
hydrogen energy industry.
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Pesiome

Llenu. ViccnepnoBaHve NPOTOHHOIO TPaHCMoOpPTa B MEMOPaHHbLIX CTPYKTypax SIBIIETCS BAXHOW TEXHOJIOMMYECKOM
3apadveli B 0611aCT BOOOPOAHOM 3HEPreTukuy, a Takke npeacrasnset cobon pyHaaMmeHTanbHyo npobnemy 6mo-
aHepreTukn. Llenbio aTux nccnenoBaHnii sBSETCS BbiiICHEHNE GU3NYECKUX MEXAHM3MOB ObICTPOro NPOTOHHOIO
TpaHcrnopTa B Me30-MOPUCTbIX CTPYKTYPaAX MOAUMEPHbIX 3/1EKTPOJSIUTHLIX MEMOPAaH, SBASIOLMXCS 3NIEKTPOXUMU-
4eCKMUMU KOMMOHEHTaMM BOAOPOAHbIX TOM/IVMBHBIX 3/IEMEHTOB. B 0611acTn 6MO3HEPreTUKN 3T UCCeA0BaHMS Ha-
npaBJieHbl HAa BbISICHEHVSI MOIEKYNISIPHBIX MEXaHN3MOB 3 GdEKTMBHOIO MPOTOHHOIO TPaHCMNopTa B TpaHCMeMbpaH-
HbiX 6efikax-KaHanax 1 B NMOBEPXHOCTHbLIX NPOTOHMPOBOAALLMX CTPYKTYypax 6uonormyecknx memobpaH B cuctemMax
61o3HepreTnkn kneTkun. C Lenbio ccnegoBaHns MOJIEKYSIPHBIX MEXAHM3MOB HAaNPaBIEHHOrO TPaHCNopPTa NPoOTO-
HOB B paboTe paccMaTprBaeTCA MOAESb ABUKEHUS MPOTOHOB B KBA3MOAHOMEPHbIX NlTaTepasibHbIX JOMEHHbIX CTPYK-
Typax B MHOrOKOMMOHEHTHBIX JIMMUAHbIX MeMOpaHax.

MeToabl. B ocHOBE pa3BrBaeMoro noaxoaa NexnT Moaesb KONIEKTUBHbIX BO3OYXXAEHUIA TUMNa aKyCTUYECKNX COJN-
TOHOB, KOTOPbIE MPEACTaBAAIT COO0M NnepemMeLlaLrecs BAoJb MeMOpaHbl 061aCTV NOKaNbHOrO CXaTus nosnsap-
HbIX FPYMNM 1 CTPYKTYPHbIX AePEKTOB B NOACUCTEME YINIEBOAOPOAHbIX Llene NMNUAHbIX MOMEKYJI.

PesynbTatbl. [10kasaHo, Y4TO y4eT B MOAENV B3aMMOAENCTBUSA N3OLITOYHOrO NMPOTOHA HA NOBEPXHOCTM MeMbpa-
Hbl C CO/IMTOHOM CXaTusi MeMbpaHbl MPUBOAUT K 3aXBaTy MPOTOHA aKyCTUYECKMM COJIMTOHOM C €ro rnocsieayto-
lWwMM TpaHcnopTom. PaspaboTaHHas MOAENb MPUMEHSIETCS K ONMUCAHMI0 MexaHn3mMa 3bdEKTUBHONO NPOTOHHOIO
TpaHcnopTa BAOJIb BHYTPEHHE MUTOXOHAPUAIbHO MeMOpPaHbl 1 €ro posiv B CONPSiXeHn GYHKLUMOHUPOBAHUSA MO-
NEKYNSPHBbIX KOMMJIEKCOB B CUCTEME BUO3HEPIETUKN KIETKN.

BeiBOoAbl. Pa3Butas CONMMTOHHAas MOAEsb NMPOTOHHOrO TPaHCMopTa nokasana, YTo KOJUIEKTMBHbIE BO30OYXAEHUS
B JIMMUAHbIX MeMOpaHax MOryT onpenensate GakTopbl, BAusioWmMe Ha 3PPEeKTUBHOCTb NPOTOHHOIO TPaHCMOP-
Ta BOONb MexXdasHbIX rpaHuvl,. JanbHelwee pasBmuTMe TEOPETUYECKNX NOAXOA0B, YHUTLIBAIOLLMX ANHAMUYECKNE
CBOIACTBa MOJIMMEPHbIX U BUONOrMYECKNX NPOTOHMPOBOASALMX MeMOPaH, MOXET BHECTU BKIan, B UCCNen0oBaHue
PO MOBEPXHOCTHOIO TPaAHCMOpTa NPOTOHOB B GUMO3HEPreTUKY KIETKU, a TakKe B UCCIeA0BaHNEe TPAHCMOPTHBLIX
XapakTepucTrk paspabdaTbiBaeMbIX MPOTOHHO-0OMEHHbIX MOJIMMEPHbIX MEMOpPaH BOAOPOAHOM 3HEPreTUKM.

KnioueBble cnoBa: NPOTOHHLIN TPAHCMOPT, MPOTOHMPOBOASALLME CTPYKTYPbI, UMUAHbIE MEMOpPaHbl, JOMEHHbIE
CTPYKTYPbI, KOMNEKTUBHAS AUHAMMKA, COJIMTOHbI

e Moctynuna: 15.07.2023 » Oopa6oTaHa: 24.09.2024 ¢ MpuHaTa k ony6nukoBaHuio: 23.01.2025

Ana untupoBanus: KagaHues B.H., FonbuoB A.H. JlaTepanbHblii NPOTOHHbLIN TPAHCAOPT, MHAYLMPOBAHHbIA pacnpo-
CTpaHeHneM akyCTUYeCKNX CONIMTOHOB B NIMNUOHbIX MeMbpaHax. Russian Technological Journal. 2025;13(2):111-120.
https://doi.org/10.32362/2500-316X-2025-13-2-111-120, https://elibrary.ru/ATOWXW

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTaB/IEH-
HbIX MaTepuanax uim meTogax.

ABTOpbLI 329BNSI0T 06 OTCYTCTBUN KOHDNNKTA MHTEPECOB.
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INTRODUCTION

Experimental and theoretical studies of proton
conductivity of materials and systems are currently
carried out in two distinct scientific and technological
fields: hydrogen energy and bioenergetics of living
systems. The development of proton-conducting
materials is of particular interest today for the
production of components of electrochemical devices,
especially fuel cell membranes for the manufacture
of hydrogen power plants, batteries, electric vehicle
power units, etc. [1]. With proton batteries already
emerging as a competitive alternative to lithium-ion
technologies, research in this field is aimed at creating
efficient polymeric (e.g., perfluorinated sulfopolymers)
and solid-state proton electrolytes. The replacement of
lithium ions with protons as charge carriers in hydrogen
fuel cells significantly increases the conductivity of the
electrolyte due to the high mobility of protons in the
electrolyte membrane.

In most polymeric proton-exchange membranes of
hydrogen fuel cells, fast proton transport takes place due
to hydrate layers of water in the membrane structure—
or, more precisely, along the nanoscale structures formed
by water molecules in mesoporous structures of polymer
materials. The specific proton conductivity of proton
exchange membranes can reach values in the range of
1073 to 107! S/cm [2], while the proton conductivity of
bulk water is in the range of 107° S/cm, i.e., five orders
of magnitude lower than the conductivity of polymer
membranes. However, the molecular mechanisms of the
high proton conductivity of near-surface water in porous
polymeric materials, whose properties are anomalously
different from those of bulk water, are still not fully
understood.

While the study of physicochemical mechanisms of
fast proton transport in membrane structures represents
an important technological task of hydrogen energetics,
it is also a fundamental problem in the field of
bioenergetics. Here, studies are aimed at elucidating the
molecular mechanisms of proton transport in the system
of oxidative phosphorylation in cell mitochondria,
in transmembrane channels, and in surface proton-
conducting structures of biomembranes.

Artificial polymeric proton-exchange membranes
have much in common with biological lipid membranes in
terms of their structure and molecular composition: both
polymeric membranes and biological membranes consist
of amphiphilic molecules with hydrophobic chains and
acidic groups. In both systems, the proton-conducting
hydrate layer of water molecules forms a hydrogen
bonding structure at the interface, along which fast two-
dimensional diffusion of protons is assumed to occur.
The physical mechanisms of efficient proton transport
in hydrophobic channels of protein molecules and the

surface layer of mitochondrial membranes are currently
the subject of intensive research in cell bioenergetics.
However, although Mitchell’s chemiosmotic theory gives
a general idea of the functioning of the mitochondrial
bioenergetic system, it needs further development based
on new experimental data on the functioning of individual
components of the oxidative phosphorylation system
and on the spatial organization of the entire system of
adenosine triphosphate (ATP) molecule synthesis in
the mitochondrial membrane [3-5]. In particular, new
experimental data on the structure of inner mitochondrial
membranes have not only demonstrated their structural
and organizational function, but also revealed the
important coupling and integrating role that they fulfill in
the functioning of the whole system of electron transport
processes and ATP synthesis [6, 7]. In particular, recent
experimental data on fast proton transport across
mitochondrial and artificial membranes [8, 9] supported
the hypothesis of a local coupling of respiration and
phosphorylation due to the near-membrane transport of
partially dehydrated protons [10-12].

Several possible molecular mechanisms for the fast
lateral transport of protons along the membrane interface
through bound water molecules over long distances
are currently under consideration. The first of these is
the Grotthuss mechanism of proton transport along
the hydrogen bond chain (structural diffusion) [13].
A second potential mechanism is based on the
diffusion of protons within the hydroxonium ion H;O*
(vesicular diffusion) [14]. A third approach describes the
process of co-diffusion of a lipid molecule with a strongly
bound proton. Effective proton transport along the
membrane-bound water interface can also be envisaged
in terms of a combination of structural and vesicular
diffusion [15]. To date, no conclusive experimental
evidence can be adduced in favor of one or another
mechanism of proton transport. However, all proposed
mechanisms are based on experimental data confirming
proton retention at the membrane-water interface that
ensure the efficient two-dimensional diffusion of protons
with limited release into the bulk phase [7, 16, 17]. The
retention of protons at the membrane surface has been
studied in experiments on bilayer membranes [18, 19]
and liposomes [20]. Moreover, part of the energy stored
in the form of partially dehydrated proton has been
shown to be incorporated into ATP synthesis [21]. The
causes of proton affinity to interfaces and surface proton
transport have also been studied theoretically [22-24].
The results of these studies showed that the mechanism
of proton retention at the membrane surface is
determined by electrostatic interaction and the entropic
barrier. The polar groups (PG) of lipid molecules have
also been found to significantly affect the rate of proton
surface transport [25]. Here, the PG composition is
assumed to influence the formation of one-dimensional
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proton-conducting structures of hydrogen bonds of
water molecules bound to the membrane [9].

In work [5], proton-conducting lateral structures,
representing quasi-one-dimensional domain structures (DS)
in the cristae of inner mitochondrial membranes enriched
with cardiolipin molecules were considered. Based on the
Grotthuss mechanism, the authors have developed a model
of proton transport along hydrogen-bonded chains of water
molecules interacting with cardiolipin PGs in proton-
conducting membrane structures. The interaction of the
proton subsystem and the lipid PG subsystem has been
shown to lead to the formation of a two-component soliton,
whose motion corresponds to the coordinated movement
of the proton and soliton of compression along the lipid
membrane [5].

A similar theoretical approach to modeling the
soliton transport of protons has also been developed for
polymer membranes [26]. In the proposed model, proton
transport as part of the hydroxonium ion H;O" occurs
due to collective excitations of the soliton-like type
spreading in ordered chains of hydrogen bonds formed
by water molecules on the membrane with sulfide
surface groups. The model establishes the relationship
between the soliton mobility and the parameters of the
spatial structure of the surface sulfide groups.

The present work considers a model of alternative
proton transport realized by proton trapping by an
acoustic soliton moving along proton-conducting
structures in lipid membranes. This mechanismis closer
to the vesicular mechanism, where an acoustic soliton
rather than a hydroxonium ion acts as a proton carrier
(vesicle). The work is based on the model of acoustic
soliton formation and propagation in quasilinear
DSs proposed in our previous study [27]. Nonlinear
excitations of the soliton-like type represent regions of
local compression of lipid PGs and structural defects
in the subsystem of hydrocarbon chains (HC) moving
along the membrane molecular structures.

The experimental observation of soliton-like
excitations in lipid monolayers and bilayers has been
carried out in a number of experiments using different
excitation and registration methods. The excitation of
acoustic soliton-like pulses and their dissipationless
motion were observed in experiments with optical
generation of solitary waves in lipid monolayers [28].
Excitation of elastic soliton-like pulses was also found
in liposomes in the temperature range of the lipid
phase transition. Acoustic waves accompanying the
propagation of a nerve impulse in an axon were shown
to have one of the characteristic properties of solitons,
i.e. two colliding nerve impulses pass through each other
without changing their shape [29].

The present work considers a model of proton
trapping by an acoustic soliton and its subsequent
transport. The possibility of such trapping and the

resulting mechanism of charge transport by acoustic
solitons through one-dimensional nonlinear molecular
structures has been discussed in [30, 31]. It is assumed
that lateral proton transport in lipid membranes can
occur in a similar way as a result of proton trapping
by a soliton, and that quasi-one-dimensional DSs in
multi-component membranes may represent proton-
conducting channels on the membrane surface.

1. MODEL OF THE LATERAL TRANSPORT
OF APROTON TRAPPED BY A SOLITON
IN A QUASI-ONE-DIMENSIONAL DS
OF A LIPID MEMBRANE

We consider the model of a one-dimensional chain
of lipid molecules forming a quasi-one-dimensional DS
in mixed lipid bilayers. In the model, two subsystems
are distinguished: the membrane surface formed by PGs
of lipid molecules and the inner hydrophobic region of
the membrane formed by lipid HCs [32]. In [27], we
developed a model of soliton-type collective excitations
representing the regions of local displacements of lipid
PGs p(x, f) from equilibrium positions and structural
defects of the kink type in the lipid HC subsystem,
which is described by the HC deviation from the normal
to the membrane surface u(x, ?):

x=Vt
p(x,t) =—p, sech? A (1)

u(x,t) = u, tanh s _AVt s )

where V' is the soliton velocity and the lipid PG
equilibrium position p,, is determined by the following
equation:

2
XUy

- X
MQ3

Po

Here, M is the mass of the PG of lipid molecule; y is
the constant of interaction between lipid PGs and HCs,
which accounts for the change in HC conformation upon
PG displacement from the equilibrium position; €, is the
characteristic frequency of a chain of the lipid PG; A is
the kink width. u, = +(|G|/B)"? is the HC equilibrium
state in the Ginzburg—Landau double-well potential:

1 1
Up(u)= -3 | G(T) | u? + ZBM4,

where G(T) = E(T/T,— 1) and B are potential parameters;
E, is the potential barrier height; 7 is the temperature
of the main phase transition of the membrane, at which
lipid melting occurs [27, 32].
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The soliton solution for the PG displacement
p(x, £) < 0 (1) describes the compression strain in the
lipid PG subsystem associated with the defect in the
lipid HC system. For protons in the near-membrane
layer, which are trapped in such a structure, the presence
of a soliton appears as an additional interaction energy.
The solution u(x, #) (2) in the form of a kink in the
region of coordinate x = V¢ describes the deviations
of lipid molecule HCs in opposite directions, which is
characteristic of structural defects like dislocations in
liquid crystals.

In the proposed model, the motion of a proton
trapped by soliton of compression in a lipid PG chain is
described by the wave function y(x, #) which satisfies the
time-dependent Schrodinger equation:

L oy(x,t) R Oty(xt) B
lh—at +2m ol U(x,H)y(x,t)=0, (3)

where U(x, f) = op(x, t) is the potential well generated by
negatively charged PGs of lipid molecules in the soliton
region; ¢ is the parameter of the electrostatic interaction
between the proton and the PGs of lipid molecules in
the soliton region; m is the mass of the proton; & is the
Planck constant.

The solution of the time-dependent Schrodinger
equation Eq. (3) was sought in the following form:

Yoo =@ i @)

where the spatial coordinate & = x — V¢ associated with
the soliton motion at velocity V is introduced.
Substituting (4) into (3), we obtained the
stationary Schrodinger equation for the real part of the
amplitude @(&) of the proton in the potential well U(E):

K2 62(p B
E‘@HE—U(E)](P—O, 5

where U (&) =-op,, sech? [%]

Equation (5) can be transformed into the equation
for generalized Lagrangian functions, as follows:

d do g2
— 1227 |+ | s(s+1)— =0, (6)
dz[ : dz} {S(S ) 1—82}p

where the variable z = tanh(A7!€) and the following
notations were introduced:

g = AV2mE V‘hz’"E; 5= %(—1 +4/1+8mopyAZh~2 ) (7

In this case, Eq. (6) has a solution in the following
form:

e[ E)
¢, (&)= 4, sech (Aj

X F(a—s, e+s+1,e+1, %(1 —tanh(A‘lé))j, (®)

where 4, is the normalization factor of the wave
function; F' is a hypergeometric function representing
a polynomial of degree n under the condition e —s = —n
(n=0,1,2,...)[33].

This condition gives the following expression for
the proton energy levels in the potential well U(&):

h 2
E =——(—1+2n + 1+ 8mo Azh‘z) .

Thus, the potential well U(E) contains a finite
number of stationary energy levels for a proton trapped
by a soliton in the PG chain of lipid molecules. For the
ground level at n = 0, the wave function (8) has the
following form:

@y (&) = 4, sech® [%) )
10.000
L-0.008
1-0.016 E
1-0.024 %
1-0.032
1-0.040

60

X, nm

Figure. Wave function of the ground state of proton ¢(§)
(solid line) in the potential well U(§) generated by soliton
of compression p(&) (dashed line) of lipid molecule PGs in
a quasi-one-dimensional lipid DS

The figure shows the proton wave function ¢((&) (9)
calculated for ¢ = 1 with the normalization factor
A= 0.42. The calculation was performed for the soliton
parameters obtained based on the following experimental
data. The characteristic frequency Q; = 10" Hz was
estimated according to the experimental data for the
oscillation frequency of the lipid membrane [32]. The
velocity of the trapped proton was determined by soliton
propagation velocity V (Egs. (1) and (2)), which was
estimated by us to be in the range of 50-100 m/s [5].
The kink width A = 8 nm was estimated on the basis
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of experimental data on the size of the defect region
in the HC subsystem formed in membrane structures
at the temperature near the main phase transition
temperature [34]. In this case, the soliton region
includes about 10 lipid molecules located along the
one-dimensional DS. The kink solution for the HC
displacement u(x, ) describes a dislocation-type defect.
Negative and positive values of u(x, t) correspond to the
deviations of lipid molecule HCs in opposite directions.
The soliton solution for the PG displacement p(x, 7)
describes the compressive deformation in the PG
subsystem caused by a defect in the HC subsystem.

2. DISCUSSION

In the present work, we developed a model of proton
motion in quasi-one-dimensional lateral DSs, which are
assumed to play the role of proton conducting structures
in multi-component cell membranes [27, 35]. The
proposed approach is based on the model of collective
excitations in lipid membranes such as acoustic solitons
which represent regions of local PG compression and
structural defects of lipid molecule HCs coordinately
moving along the membrane.

The model takes into account the electrostatic
interaction of a membrane-bound proton with soliton of
compression. This interaction leads to the proton trapping
by amoving acoustic soliton and its subsequent transport.
In contrast to the model of proton soliton transport
previously developed by us on the basis of the structural
proton diffusion mechanism (Grotthuss mechanism) [5],
in this work, we considered an alternative model of
proton transport. The proposed model overcomes two
problems of'the structural proton diffusion model. Firstly,
in contrast to the Grotthuss mechanism, a proton trapped
by the soliton does not undergo a large number of jumps
along the hydrogen bond chain over a short distance
of 2.5 A, which significantly increases the velocity of its
movement. Secondly, the described approach provides
proton transport that is strongly coupled to the region of
local compression of PGs moving along the membrane
surface in the form of a soliton. The experimentally
observed effect of proton retention at the membrane
surface implies the strong local interaction of the proton
with lipid PGs that is inconsistent with the data on proton
delocalization and its movement along the membrane
surface.

The developed model can be applied to describe
proton transport along the surface of the inner
mitochondrialmembraneintheoxidativephosphorylation
coupling system, which has been experimentally
established to possess a unique spatial organization.
The cryo-electron tomography method has revealed an
ordered cluster oligomeric structure formed by parallel
rows of respiratory complexes and ATP synthase dimers

located on the folds of the cristae of mitochondrial
inner membranes [7]. The formation, morphology,
and dynamics of mitochondrial cristae are determined
by structural rearrangements of lipid membranes,
which are highly sensitive to the physiological state
of mitochondria [36]. The small distance (~50 A)
between the rows of proton pumps and ATP synthase
molecules provides conditions for direct and fast
proton transport to ATP synthases along the cristae
membrane. Currently, considerable interest is shown
in investigating the molecular mechanisms of proton
transport in mitochondrial membranes and determining
the factors that influence its efficiency [16, 17, 37].
Based on the developed approach, we proposed that
this research should not only consider the influence of
the membrane surface structure on proton transport, but
should also take into account the dynamic properties of
biomembranes, in particular the formation of collective
excitations in lipid bilayers. Through the consideration
of elastic excitations of the membrane in the proposed
model, proton transport is accompanied by the transfer
of membrane deformation energy stored by the acoustic
soliton. This approach links lateral proton motion to
the non-equilibrium dynamics of mitochondrial cristae
by coupling transport and dynamic processes at the
biomembrane surface [38]. The energy of the local
membrane elastic oscillations transferred together with
the charge may additionally be hypothesized to contribute
to functioning and synchronizing membrane proteins,
receptors, and ion channels [39, 40] in particular, those
involved in synchronizing the functioning of oligomeric
protein complexes making up the mitochondrial oxidative
phosphorylation system. The experimental detection
of proton transport, accompanied by the propagation
of elastic excitations along membrane surfaces, may
confirm the contribution of collective excitations to the
effective proton transport in the inner mitochondrial
membranes, as well as to the coupling mechanism in the
oxidative phosphorylation system.

CONCLUSIONS

The results of theoretical and experimental studies in
the fields of bioenergetics of mitochondrial membranes
and polymeric proton-exchange membrane technology
of hydrogen fuel cells allowed the elucidation of
many common features of surface proton transport
in biological and artificial membranes. Two primary
mechanisms of efficient proton transport—structural
diffusion (Grotthuss mechanism) and vesicular
transport—are considered in the study of both systems
to confirm the role of a membrane bounded layer of
structured water, in which proton transport is localized.
In polymer membranes, this was demonstrated by the
detection of fast proton transport at low membrane
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hydration. In mitochondrial membranes, the same
effect was confirmed in the experiments that showed
the localization of protons in the surface layer of
the inner mitochondrial membrane in the oxidative
phosphorylation system. In both artificial and biological
membranes, a significant influence of membrane
composition and structure (surface acidic groups) on
proton conductance was discovered. The soliton model
of proton transport developed in this paper showed that
the collective excitations of lipid membranes together
with their structural properties can determine the factors
that influence the proton transport efficiency. The
further development of theoretical approaches that take
into account both structural and dynamic properties

of polymeric and biological proton-conducting
membranes can contribute to the study of the role of
surface proton transport in cell bioenergetics, as well
as to the investigation of transport characteristics of
polymeric proton-exchange membranes developed for
hydrogen energetics.

ACKNOWLEDGMENTS

This work was supported by the Ministry of Science
and Higher Education of the Russian Federation
(grant No. FGFZ-2023-0004).

Authors’ contribution. All
contributed to the research work.

authors  equally

REFERENCES

1. Dobrovolsky Y.A., Chikin A.I., Sanginov E.A., Chub A.V. Proton-exchange membranes based on heteropoly compounds for

low temperature fuel cells. Al ternativnaya energetika i ekologiya = Alternative Energy and Ecology. 2015;4(165):22-45

(in Russ.). https://doi.org/10.15518/isjaece.2015.04.02

2. Lebedeva O.V. Proton conducting membranes for hydrogen-air fuel elements. Izvestiya vuzov. Prikladnaya khimiya i

biotekhnologiya = Proceedings of Universities. Applied Chemistry and Biotechnology. 2016;1(16):7-19 (in Russ.).

3. Eremeev S.A., Yaguzhinsky L.S. On local coupling of the electron transport and ATP-synthesis system in mitochondria.
Theory and experiment. Biochemistry (Moscow). 2015;80(5):576—581. https://doi.org/10.1134/S0006297915050089
[Original Russian Text: Eremeev S.A., Yaguzhinsky L.S. On local coupling of the electron transport and ATP synthesis

system in mitochondria. Theory and experiment. Biokhimiya. 2015;80(5):682—688 (in Russ.).]

4. Kell D.B. A protet-based model that can account for energy coupling in oxidative and photosynthetic phosphorylation.
Biochim. Biophys. Acta Bioenerg. 2024;1865(4):149504. https://doi.org/10.1016/j.bbabio.2024.149504

5. Nesterov S.V., Yaguzhinsky L.S., Vasilov R.G., Kadantsev V.N., Goltsov A.N. Contribution of the Collective Excitations
to the Coupled Proton and Energy Transport along Mitochondrial Cristac Membrane in Oxidative Phosphorylation System.
Entropy (Basel). 2022;24(12):1813. https://doi.org/10.3390/¢24121813

6. Davies K.M., Strauss M., Daum B., Kief J.H., Osiewacz H.D., Rycovska A., et al. Macromolecular organization of ATP
synthase and complex I in whole mitochondria. Proc. Natl. Acad. Sci. USA. 2011;108(34):14121-14126. https://doi.

org/10.1073/pnas. 1103621108

7. Nesterov S., Chesnokov Y., Kamyshinsky R., Panteleeva A., Lyamzaev K., Vasilov R., et al. Ordered Clusters of the Complete
Oxidative Phosphorylation System in Cardiac Mitochondria. Int. J. Mol. Sci. 2021;22(3):1462. https://doi.org/10.3390/

ijms22031462

8. Mulkidjanian A.Y., Heberle J., Cherepanov D.A. Protons @ interfaces: Implications for biological energy conversion.
Biochimica et Biophysica Acta (BBA) — Bioenergetics. 2006;1757(8):913-930. https://doi.org/10.1016/j.bbabio.2006.02.015
9. Weichselbaum E., Osterbauer M., Knyazev D.G., Batishchev O.V., Akimov S.A., Nguyen T.H., et al. Origin of proton affinity
to membrane/water interfaces. Sci. Rep. 2017;7(1):4553. https://doi.org/10.1038/s41598-017-04675-9
10. Yaguzhinsky L.S., Boguslavsky L.I., Volkov A.G., Rakhmaninova A.B. Synthesis of ATP coupled with action of membrane
protonic pumps at the octane-water interface. Nature. 1976;259(5543):494—496. https://doi.org/10.1038/259494a0

Russian Technological Journal. 2025;13(2):111-120

117


https://doi.org/10.15518/isjaee.2015.04.02
https://doi.org/10.1134/S0006297915050089
https://doi.org/10.1016/j.bbabio.2024.149504
https://doi.org/10.3390/e24121813
https://doi.org/10.1073/pnas.1103621108
https://doi.org/10.1073/pnas.1103621108
https://doi.org/10.3390/ijms22031462
https://doi.org/10.3390/ijms22031462
https://doi.org/10.1016/j.bbabio.2006.02.015
https://doi.org/10.1038/s41598-017-04675-9
https://doi.org/10.1038/259494a0

Lateral proton transport induced Vasiliy N. Kadantsev,
by acoustic solitons propagating in lipid membranes Alexey N. Goltsov

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Kell D.B. On the functional proton current pathway of electron transport phosphorylation. An electrodic view. Biochim.
Biophys. Acta. 1979;549(1):55-99. https://doi.org/10.1016/0304-4173(79)90018-1

Morelli A.M., Ravera S., Calzia D., Panfoli I. An update of the chemiosmotic theory as suggested by possible proton currents
inside the coupling membrane. Open Biol. 2019;9(4):180221. https://doi.org/10.1098/rsob.180221

Wraight C.A. Chance and design—Proton transfer in water, channels and bioenergetic proteins. Biochimica et Biophysica
Acta (BBA) — Bioenergetics. 2006;1757(8):886-912. https://doi.org/10.1016/j.bbabio.2006.06.017

Kreuer K.D. Proton Conductivity: Materials and Applications. Chem. Mater. 1996;8(3):610—641. https://doi.org/10.1021/
cm950192a

Ludueiia G.A., Kiihne T.D., Sebastiani D. Mixed Grotthuss and Vehicle Transport Mechanism in Proton Conducting Polymers
from Ab initio Molecular Dynamics Simulations. Chem. Mater. 2011;23(6):1424—1429. https://doi.org/10.1021/cm102674u
Weichselbaum E., Galimzyanov T., Batishchev O.V., Akimov S.A., Pohl P. Proton Migration on Top of Charged Membranes.
Biomolecules. 2023;13(2):352. https://doi.org/10.3390/biom13020352

Knyazev D.G., Silverstein T.P., Brescia S., Maznichenko A., Pohl P. A New Theory about Interfacial Proton Diffusion
Revisited: The Commonly Accepted Laws of Electrostatics and Diffusion Prevail. Biomolecules. 2023;13(11):1641. https://
doi.org/10.3390/biom13111641

Antonenko Y.N., Kovbasnjuk O.N., Yaguzhinsky L.S. Evidence in favor of the existence of a kinetic barrier for proton transfer
from a surface of bilayer phospholipid membrane to bulk water. Biochimica et Biophysica Acta (BBA) — Biomembranes.
1993;1150(1):45-50. https://doi.org/10.1016/0005-2736(93)90119-k

Tashkin V.Yu., Vishnyakova V.E., Shcherbakov A.A., Finogenova O.A., Ermakov Yu.A., Sokolov V.S. Changes of the
Capacitance and Boundary Potential of a Bilayer Lipid Membrane Associated with a Fast Release of Protons on Its Surface.
Biochem. Moscow Suppl. Ser. A.2019;13(2):155-160. https://doi.org/10.1134/S1990747819020077

Sjéholm J., Bergstrand J., Nilsson T., Sachl R, Ballmoos C., Widengren J., et al. The lateral distance between a proton pump
and ATP synthase determines the ATP-synthesis rate. Sci. Rep. 2017;7(1):1-12. http://doi.org/10.1038/s41598-017-02836-4
Yaguzhinsky L.S., Boguslavsky L.I., Volkov A.G., Rakhmaninova A.B. Synthesis of ATP coupled with action of membrane
protonic pumps at the octane—water interface. Nature. 1976;259(5543):494-496. https://doi.org/10.1038/259494a0

Lee J.W. Mitochondrial energetics with transmembrane electrostatically localized protons: do we have a thermotrophic
feature? Sci Rep. 2021;11(1):14575. https://doi.org/10.1038/s41598-021-93853-x

Medvedev E., Stuchebrukhov A. Mechanism of long-range proton translocation along biological membranes. FEBS Lett.
2012;587(4):345-349. https://doi.org/10.1016/;.febslet.2012.12.010

Cherepanov D.A., Junge W., Mulkidjanian A.Y. Proton transfer dynamics at the membrane/water interface: dependence
on the fixed and mobile pH buffers, on the size and form of membrane particles, and on the interfacial potential barrier.
Biophys J. 2004;86(2):665—-80. https://doi.org/10.1016/s0006-3495(04)74146-6

Amdursky N., Lin Y., Aho N., Groenhof G. Exploring fast proton transfer events associated with lateral proton diffusion on
the surface of membranes. Proc. Natl. Acad. Sci. USA. 2019;116(7):2443-2451. https://doi.org/10.1073/pnas.1812351116
Golovnev A., Eikerling M. Theory of collective proton motion at interfaces with densely packed protogenic surface groups.
J. Phys.: Condens. Matter. 2012;25(4):045010. https://doi.org/10.1088/0953-8984/25/4/045010

Kadantsev V.N., Goltsov A.N. Collective dynamics of domain structures in liquid crystalline lipid bilayers. Russian
Technological Journal . 2022;10(4):44—54 https://doi.org/10.32362/2500-316X-2022-10-4-44-54

Shrivastava S., Schneider M.F. Evidence for two-dimensional solitary sound waves in a lipid controlled interface and its
implications for biological signalling. J. Royal Soc. Interface. 2014;11(97):20140098. https://doi.org/10.1098/rsif.2014.0098
Gonzalez-Perez A., Budvytyte R., Mosgaard L.D., Nissen S., Heimburg T. Penetration of Action Potentials During
Collision in the Median and Lateral Giant Axons of Invertebrates. Phys. Rev. X. 2014;4(3):031047. http://doi.org/10.1103/
PhysRevX.4.031047

Lupichev L.N., Savin A.V., Kadantsev V.N. Synergetics of Molecular Systems. Series: Springer Series in Synergetics. Cham:
Springer; 2015. 332 p. https://doi.org/10.1007/978-3-319-08195-3

Kadantsev V.N., Goltsov A.N., Kondakov M.A. Electrosoliton dynamics in a thermalized molecular chain. Rossiiskii
tekhnologicheskii zhurnal. 2020;8(1):43—57 (in Russ.). https://doi.org/10.32362/2500-316X-2020-8-1-43-57

Bolterauer H., Tuszynski J.A., Satari¢ M.V. Frohlich and Davydov regimes in the dynamics of dipolar oscillations of
biological membranes. Phys. Rev. 4. 1991;44(2):1366—1381. https://doi.org/10.1103/physreva.44.1366

LandauL.D., Lifshits E.M. Teoreticheskayafizika(Theoretical physics): in 10v. V. 3. Kvantovaya Mekhanika (nerelyativistskaya
teoriya) (Quantum Mechanics (Non-Relativistic Theory)). Moscow: Fizmatlit; 2024. 800 p. (in Russ.). ISBN 5-9221-0057-2,
978-5-9221-0530-9

118

Russian Technological Journal. 2025;13(2):111-120


https://doi.org/10.1016/0304-4173(79)90018-1
https://doi.org/10.1098/rsob.180221
https://doi.org/10.1016/j.bbabio.2006.06.017
https://doi.org/10.1021/cm950192a
https://doi.org/10.1021/cm950192a
https://doi.org/10.1021/cm102674u
https://doi.org/10.3390/biom13020352
https://doi.org/10.3390/biom13111641
https://doi.org/10.3390/biom13111641
https://doi.org/10.1016/0005-2736(93)90119-k
https://doi.org/10.1134/S1990747819020077
http://doi.org/10.1038/s41598-017-02836-4
https://doi.org/10.1038/259494a0
https://doi.org/10.1038/s41598-021-93853-x
https://doi.org/10.1016/j.febslet.2012.12.010
https://doi.org/10.1016/s0006-3495(04)74146-6
https://doi.org/10.1073/pnas.1812351116
https://doi.org/10.1088/0953-8984/25/4/045010
https://doi.org/10.32362/2500-316X-2022-10-4-44-54
https://doi.org/10.1098/rsif.2014.0098
http://doi.org/10.1103/PhysRevX.4.031047
http://doi.org/10.1103/PhysRevX.4.031047
https://doi.org/10.1007/978-3-319-08195-3
https://doi.org/10.32362/2500-316X-2020-8-1-43-57
https://doi.org/10.1103/physreva.44.1366

Lateral proton transport induced Vasiliy N. Kadantsev,
by acoustic solitons propagating in lipid membranes Alexey N. Goltsov

34.

35.
36.

37.

38.

39.

40.

Wack D.C., Webb W.W. Synchrotron X-ray study of the modulated lamellar phase in the lecithin-water system. Phys. Rev. A.
1989;40(5):2712-2730. https://doi.org/10.1103/PhysRevA.40.2712

Goltsov A.N. Formation of quasilinear structure in lipid membranes. Biofizika. 1997;42(1):174-181.

Joubert F., Puff N. Mitochondrial Cristac Architecture and Functions: Lessons from Minimal Model Systems.
Membranes (Basel). 2021;11(7):465. https://doi.org/10.3390/membranes 11070465

Toth A., Meyrat A., Stoldt S., Santiago R., Wenzel D., Jakobs S., et al. Kinetic coupling of the respiratory chain with ATP
synthase, but not proton gradients, drives ATP production in cristac membranes. Proc. Natl. Acad. Sci. USA. 2020;117(5):
2412-2421. https://doi.org/10.1073/pnas. 1917968117

Patil N., Bonneau S., Joubert F., Bitbol A.F., Berthoumiecux H. Mitochondrial cristac modeled as an out-of-equilibrium
membrane driven by a proton field. Phys. Rev. E. 2020;102(2):022401. https://doi.org/10.1103/physreve.102.022401
Johnson A.S., Winlow W. The Soliton and the Action Potential — Primary Elements Underlying Sentience. Front. Physiol.
2018;9:779. https://doi.org/10.3389/fphys.2018.00779

Li S., Yan Z., Huang F., Zhang X., Yue T. How a lipid bilayer membrane responds to an oscillating nanoparticle: Promoted
membrane undulation and directional wave propagation. Colloids Surf. B. Biointerfaces. 2020;187:110651. https://doi.
org/10.1016/j.colsurfb.2019.110651

About the authors

Vasiliy N. Kadantsev, Dr. Sci. (Phys.-Math.), Professor, Department of Biocybernetic Systems and Technologies,

Institute of Artificial Intelligence, MIREA — Russian Technological University (78, Vernadskogo pr., Moscow, 119454
Russia). E-mail: appl.synergy@yandex.ru. Scopus Author ID 6602993607, https://orcid.org/0000-0001-9205-6527

Alexey N. Goltsov, Dr. Sci. (Phys.-Math.), Professor, Department of Biocybernetic Systems and Technologies,

Institute of Artificial Intelligence, MIREA — Russian Technological University (78, Vernadskogo pr., Moscow, 119454
Russia). E-mail: golcov@mirea.ru. Scopus Author ID 56234051200, RSCI SPIN-code 1288-9918, https://orcid.
org/0000-0001-6725-189X

Russian Technological Journal. 2025;13(2):111-120
119


https://doi.org/10.1103/PhysRevA.40.2712
https://doi.org/10.3390/membranes11070465
https://doi.org/10.1073/pnas.1917968117
https://doi.org/10.1103/physreve.102.022401
https://doi.org/10.3389/fphys.2018.00779
https://doi.org/10.1016/j.colsurfb.2019.110651
https://doi.org/10.1016/j.colsurfb.2019.110651
mailto:appl.synergy@yandex.ru
https://orcid.org/0000-0001-9205-6527
mailto:golcov@mirea.ru
https://orcid.org/0000-0001-6725-189X
https://orcid.org/0000-0001-6725-189X

Lateral proton transport induced Vasiliy N. Kadantsev,
by acoustic solitons propagating in lipid membranes Alexey N. Goltsov

06 aBTOpax

KapaHuee Bacunuii Hukonaesuuy, 0.¢.-M.H., npodeccop, kadeapa 6MOKMOEPHETUYECKNX CUCTEM U Tex-
Honoruii, IHCTUTYT nckyccTBeHHoro uHtennekra, reQy BO «MUPI3A — Poccuiicknii TEXHOIOTMYECKNIA YHUBEP-
cutet» (119454, Poccusa, Mockea, np-T BepHaackoro, a. 78). E-mail: appl.synergy@yandex.ru. Scopus Author ID
6602993607, https://orcid.org/0000-0001-9205-6527

FlonbuoB Anekcert HukonaeBu4, 0.¢.-M.H., npodeccop, kapenpa 6MOKMOEPHETUYECKNX CUCTEM U TEXHOO-
i, IHCTUTYT UCKYCCTBEHHOrO MHTennekta, ®reQy BO «MUP3A — Poccnincknini TEXHONOMMHYECKUIA YHUBEPCUTET»

(119454, Poccusa, Mocksa, np-T BepHagckoro, a. 78). E-mail: golcov@mirea.ru. Scopus Author ID 56234051200,
SPIN-kopm PUHL, 8852-2616, https://orcid.org/0000-0001-6725-189X

Translated from Russian into English by K. Nazarov
Edited for English language and spelling by Thomas A. Beavitt

Russian Technological Journal. 2025;13(2):111-120
120


mailto:appl.synergy@yandex.ru
https://orcid.org/0000-0001-9205-6527
mailto:golcov@mirea.ru
https://orcid.org/0000-0001-6725-189X

