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Abstract

Objectives. Numerous studies of biosystems indicate the distinct role of quasi-one-dimensional molecular
structures in the transport of energy, charges, and information. Of particular interest are the studies on the collective
dynamics of quasi-one-dimensional lateral structures in liquid crystalline membranes and the possibility of local
excitation transfer through such structures. In this paper, we developed a model for the collective dynamics of quasi-
one-dimensional domain structures in lipid bilayers interacting with the environment. The objective is to study the
mechanisms of the directed energy transport in liquid crystalline lipid membranes.

Methods. In this paper, the percolation domain structures formed as a result of phase separation in multicomponent
lipid membranes are considered to be quasi-one-dimensional domain structures. The model distinguishes two
subsystems interacting with each other and differing in their structural and dynamic properties, i.e., the membrane
surface formed by polar groups of lipid molecules and the internal hydrophilic region of the membrane formed by
acyl chains of lipids. The acyl chain subsystem is simulated using the Ginzburg—Landau Hamiltonian which considers
the dependence of its dynamics on temperature close to the lipid melting phase transition temperature T ..

Results. Analysis of dynamic states has shown that elastic excitations moving at constant rate in the form of solitons
may exist near temperatures T in the considered quasi-one-dimensional domain structures. In addition, motion of
the elastic excitation region (kink) along domain structures in the acyl chain region causes the formation of acoustic
soliton, i.e., the compression region in the polar group subsystem moving in concert with the kink displacement.
The soliton localization region covers about 10 molecules and depends significantly on the interaction parameter
of the polar group and acyl chain subsystems. Soliton moves at a subsonic speed determined, in particular, by the
magnitude of an external force.

Conclusions. The model developed in this paper shows that liquid crystalline domain structures in lipid membranes
exhibit properties of active media, wherein the formation and displacement of localized elastic excitations on
macroscopic spatial and temporal scales may occur. The proposed molecular mechanism of the soliton transport
along quasi-one-dimensional domain structures may be used for describing the directed energy transfer along
lateral domain channels in biomembranes and the cooperative functioning of the membrane bioenergetic and
receptor complexes.
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Pesiome

Llenu. MHorouncneHHble nccnenoBaHns 6GUOCUCTEM ykasblBalOT Ha 0COOYI0 PONb KBA3MOAHOMEPHbLIX (kBadu-1D)
MOJIEKYNISIPHbBIX CTPYKTYP B MPOLLecCcax TpaHCcnopTa aHepruun, 3apsnos U nidopmauumn. B aToli cBs3n 0cobblli UH-
Tepec NpPeAcTaBnsioT MCCNeA0BAHUS KONTEKTUBHOM AMHAMMUKK KBa3n-1D naTepanbHbIX CTPYKTYP B XUAKOKPUCTA-
nnyeckunx (XKK) membpaHax 1 BO3MOXHOCTW nepeaayn no Takum CTPYKTypaMm nokasnbHbIX BO30yXaeHuin. C Luenbto
ncecnenoBaHus MOJIEKYNSIPHBIX MEXAHWU3MOB HanpasieHHOro TpaHcnopTta aHeprun B XK nunuaHbix MembpaHax
B HacTosLel paboTe paspaboTaHa Moae b KOSIEKTMBHOWM AMHaMUKK KBa3u-1D gomMeHHbIx cTpykTyp (AC) B XK 61-
CNosIX, B3aMMOLENCTBYIOLLMX C OKPY>XaloLLer Cpenomn.

MeTopabl. B kayectBe kBa3u-1D [IC paccMoTpeHbl nepkonsaumoHHble C, dopmupyowmecs npm da3oBom pasae-
NIEHUN NNNNOHBIX MOMIEKYNT B MHOMOKOMMOHEHTHbLIX MeMOpaHax. B Moaenu BblaeneHbl ABe B3aMMOOENCTBYIOLLME
Mexay coboli NoOACUCTEMBI, pa3NnyatoLLMECs MO CBOVMM CTPYKTYPHBIM Y AMHAMUYECKMM CBOMNCTBAM: NOBEPXHOCTb
MeMbpaHbl, 06pasoBaHHas nonsipHeiMy rpynnamu (M) nMnuaHbIX MONEKYN N BHYTPEHHSAS rnapodunsHas obnactb
MemOpaHbl, chbopMmnpoBaHHas aunibHbiMu Lenamu (AL) nunngos. Mpu mogenvpoBaHum nogcuctemMsl ALL ncnosnb-
30BaH ramunbToHMaH MH3bypra — JlaHpay, y4uTbiBalOWMIi 3aBUCUMOCTb €€ AMHAMUKA OT TEMMNEPATypbl BOIM3N
Temneparypbl $pa3oBoro nepexoaa nnasneHns imnuoos 7.

PeaynbTartbl. AHanva AYHaMUYECKMX COCTOSIHWI MoAeny nokasan, 4to B6insm Temneparyp T, B paccmarpuvsa-
eMbix kBa3n-1D AC MoryT cyLiecTBoBaTb NepeMELLALLMECS C MOCTOSIHHOW CKOPOCTLIO BO3OYXAEHMS B BUAE CO-
NUTOHOB. lMpu 3TOM ABMXEHME YyNpyroro Bo3byxaeHus (kuHka) soons AC B o6nactu AL, Bbi3biBaeT o6pasoBaHme
aKyCTMYECKOro CONMToHa — obnacTtu cxaTtus B noacucteme MM, nepemMeLLaioLLelics cornacoBaHHO C ABUXEHNEM
knHka. ObnacTb nokanmMsaumm CoNMToHa 0XBaTbiBAET NpuUMepHO 10 MOnekyn 1 CyLLeCTBEHHO 3aBUCUT OT NapamMe-
Tpa B3anmogenctausa nogcuctem M n AL, BuxeHne conMToHa NPOUCXOANT C OO3BYKOBOM CKOPOCTbLIO, KOTOpas
onpenenseTcs, B YaCTHOCTU, BEIMYNHOM BHELLHErO BO3AENCTBMS.

BbiBoabl. B pamkax paspaboTaHHo Moaenu nokasaHo, 4to XK AC B nunuaHbIx MembpaHax NposiBNSiOT CBOCTBA
aKTUBHbIX CPe[, B KOTOPbIX MOXET MPONCX0AUTb GOPMUPOBAHNE 1 NEPEMELLEHME TOKAIM30BAHHBIX YMPYrMxX BO3-
OyXOeHWIN B BUAE CONMMTOHOB HA MakKpPOCKOMMYECKMX MPOCTPAHCTBEHHBIX M BDEMEHHbIX MacLuTabax. MpeanoxeHHas
MOJENb MOJIEKYSIIPHOIO TPaHcnopTa aHeprum BAoNb kBasun-1D AC mMoxeT 6blTb NPUMEHEHA K OMMCaHWNI0 Hanpas-
JIEHHOW Nepeaayn 3Heprum rno natepasbHbiM JOMEHHbIM KaHanamMm B GuomemMbpaHax n KoonepaTuBHOro MyHKLUMO-
HUPOBaHUSA MeEMOPaHHbLIX BUO3HEPrETUHECKMX N PELLENTOPHBLIX KOMIMJIEKCOB.

KniouyeBbie cnoBa: KONEeKTUBHAS AMHAMMKA, Xnakokpuctannmieckme AoOMeHHble CTPYKTYPbl, MHOTOKOMIMOHEHT-
Hble nTnngHble MeM6paHbI, COJIUTOHBbI, Hal'lpaBJ'IEHHbIﬁ TPAHCMOPT 3Heprun
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Mpo3spavyHocTb pUHAHCOBOW AeATENIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOWM 3aMHTEPECOBAHHOCTU B NPeACTaB/IEH-

HbIX MaTepunanax nin metTogax.

ABTOpbI 329BASIOT 06 OTCYTCTBUMN KOHDNNKTA MHTEPECOB.

INTRODUCTION

The electro-optical and morphological properties
of liquid crystal (LC) planar systems determine their
high sensitivity to external influences resulting in a
fast change in their macroscopic characteristics. The
occurrence of a threshold collective response in nematic
liquid crystal (NLC) films to external factors is the
basis of their high structural mobility. This determines
their wide application in various fields of engineering
as materials with easily controllable properties. The
unique properties of LC are also responsible for the
wide distribution of LC structures in living systems and
their important biological role [1]. The application of
LC physics and condensed matter physics approaches
to studying LC states in living cells has led to the
development of physics of active LC structures in living
systems functioning far from equilibrium states in the
presence of pumping and energy dissipation [2].

Active LC structures in cells include lyotropic
LC cell membranes as one of their main structural
and functional elements. In addition to the functions
of cellular compartment formation, they play an
active role in the spatial organization of the matrix for
embedding signal membrane receptors and bioenergetic
protein complexes on the membrane surface, providing
optimal conditions for their functioning [1]. Due to
the high structural mobility of LC states, membranes
may perform a variety of communication functions,
providing the transmembrane transport of substances
and signal molecules between the cell and the external
environment. Furthermore, LC membranes provide the
lateral transport of biologically active molecules along the
membrane surface. Mitochondrial membranes also play
a complex spatial-organizing role in cell bioenergetics,
providing cluster organization of nanoscale molecular
machines of the respiratory system [3]. It is assumed
that the functioning of active LC membranes is realized
by the excitation of cooperative molecular processes in
complex LC bilayers.

The complex structure of LC lipid membranes is
related to their heterogeneous structure resulting from
the diverse composition of lipid molecules which differ
both in their molecular structure and phase state. The
heterogeneous structure of membranes manifests itself
in their domain organization by determining many

physiological properties of biomembranes [1]. First, the
role of membrane domain organization in the formation
of specific lipid microenvironment for membrane
proteins ensuring their optimal functioning is noted. The
destruction of domain structures (DSs) has been shown to
result in membrane protein system failure [4]. Secondly,
the role of DS in transport and communication processes
on the membrane surface is noted [5]. In particular, this
study considers the formation of quasi-one-dimensional
(quasi-1D) percolation cluster networks formed in the
phase separation area of lipid molecules which differ
in their structure and phase state [6]. It is assumed that
quasi-1D DSs and their networks can act as lateral
channels for the directed energy and charge transport
along the membrane surface, as well as provide
interaction between membrane bioenergetic and receptor
complexes [5]. The directed transport and channelling of
energy and charges along quasi-1D DSs may surpass the
passive transport realized through the two-dimensional
diffusion of molecules along the membrane surface in
its efficiency.

In the paper, we developed the model for collective
dynamics of quasi-1D DSs in lipid bilayers interacting
with the environment, in order to study mechanisms
of the directed energy transport along LC DSs. It was
shown that nonlinear excitations capable of maintaining
the interaction and energy transfer between membrane
proteins and receptors over considerable distances
possibly occur in the DS system. The analytical study
has revealed that when considering the interaction of
lipid molecules with each other and the environment,
excitations like acoustic solitons representing
compression (extension) regions moving at constant rate
may exist in the considered quasi-1D lateral DSs in lipid
bilayers.

1. ADYNAMIC MODEL OF LIPID DOMAIN
STRUCTURES

Let us consider the one-dimensional chain of
lipid molecules which forms a quasi-1D domain in a
flat membrane. The following two subsystems may
be distinguished in the lipid membrane structure: the
membrane surface formed by the polar groups (PG) of
lipid molecules; and the inner hydrophobic region of
the membrane formed by the acyl chains (AC) of lipids.
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Since the PG and AC regions have different properties
and participate in different molecular excitations, the
Hamiltonians of non-interacting PG and AC subsystems
may be written separately, and then the interaction energy
between them may be introduced. The Hamiltonian
of interacting PGs of lipid molecules in the harmonic
approximation may be written as follows:

1 2
— -2 2,2 2
H, _zzm[pn +Q5py + (pn+1 _pn) :|’ (1

n

where p, is the displacements of the nth PG relative to
the equilibrium position of the PGs spaced a distance
a apart; m is PG mass; Q and Q, are the characteristic
frequencies of vibrations in the PG system. The last
term in Eq. (1) takes into account the dispersion of
elastic waves in the PG chain. The point stands for
differentiation by time 7.

The dynamics of the AC subsystem significantly
depends on the membrane temperature 7. The phase
transition, i.e., lipid melting occurring through
AC rotational isomerization of lipid molecules
(conformational melting) thus resulting in their
increased mobility, can be observed in membranes
near the phase transition temperature 7, [1].
Therefore, the Ginzburg—Landau Hamiltonian widely
used for studying critical phenomena in various
structures, including the description of the collective
dynamics of lipid membranes, may be most suitable
for describing the AC chain dynamics [7, 8]. It is
written as follows:

HZ = Z%M[uﬁ +(D2 (un+1 _un)2:|+UT(un) (2)

n

with double-well potential
1 o, 1y
UT(“n)ZEG”n +ZBun, 3

where G <0Oand B>0at7<T; G>0and B>0 at
T> T, Mis AC mass; o®> = K/M, where K is the
membrane elastic modulus. The variable u, characterizes
the instantaneous position of the nth AC relative to the
equilibrium position corresponding to the top of the
potential barrier.

In Eq. (3), the dependence of parameter G on
temperature may be written as follows:

G(T) = E|(TIT, - 1), 4)

where E|, is the height of the potential barrier [9]. The
temperature range near T spans a few degrees [1]. The
symmetric double-well potential (3) has two minima
located at a distance from the barrier top:

= (5)

Within the high-temperature range, the following

harmonic representation of the AC subsystem
Hamiltonian is valid at 7>> T
! 1 .
H) = ZEM[ug + 02, —u,) | (6)

n

The Hamiltonian of the interaction between PG and
AC considering the change in the conformation of the
closest ACs, when PGs are displaced from the stable
equilibrium position may be written as [8]:

Hy =Y xp, i —ud), (7

where y is the interaction constant generally depending
on the lipid molecule structures and the membrane
environment.

Turning from the discrete to the continuum
approximation in describing the dynamics of the
quasi-1D lateral structure in the membrane, the
following expression for the system Hamiltonian may
be written:

1M
Hy = ;J.T(”tz +c(%u)%)+UT(u)+

®)
m
+—2 (pt2 + Q(z)pz + Vozp)%) + )(p(u2 — ug)dx,

where ¢, = aw, is the velocity of sound in the AC
subsystem and V, = a€},.

At temperatures 7 < T, potential function U(u) (3)
may be written as follows:

UT(u)=%|G(T)|u2 +iBu4. 9)

The system of motion equations for the coupled PG
and AC system with Hamiltonian H,, (8) may be written
as follows:

Mu,, — McGu, —| G |u+ Bu® + 2xpu = f,, (10)

Mp, +Q3p—-Vip  Ax@? -u)=0. (1)

When considering the interaction of the two basic
PG and AC subsystems with physical fields of the
environment, the following terms accounting for viscous
friction and external influences should be added to
Egs. (10) and (11):
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Mu,, —Mcguxx —MFuut—|G|u+Bu3 +2xpu = f,, (12)

Mp,, +Q3p - MT,p = VEp A W? —ud) = fp- (13)

where I' > 0 and I' | > 0 are viscous friction coefficients
the PG and AC subsystems, while f, >0 and fp > () are are
right-hand sides of the equations considering external
and internal forces acting upon each subsystem. The
elastic stress forces acting at phase interfaces (domains)
may act as internal forces. The structures in the quasi-1D
DS model under consideration resulting from phase
separation are either influenced by compression forces
or experience tension depending on the membrane lipid
composition and the interface type.

2. DYNAMICS OF QUASI-ONE-DIMENSIONAL
DOMAIN STRUCTURES OF LIPID MOLECULES

Let us consider the equations of motion (11) and (12)
without taking into account the interaction between PG
and AC subsystems and the environment. Then Eq. (11)
for the AC dynamics may be transformed into the well-
known Ginzburg—Landau equation, as follows:

—|Glu+ Bu® =0. (14)

Mul‘l - Mcguxx

In the low-amplitude limit, u(x, f) describes small

displacements du(x, ) of AC near one of the equilibrium

positions u(x, 1) = tu, + du(x, ¢). In a first approximation

in du(x, f), these displacements are described by the
following equation:

Mdu,, — Mcgf)uxx - |G|5u =0, (15)
which has the following fundamental solution:
Su(x, 1) ~ el(@I—kx) (16)

The dispersion of elastic waves is defined by the
following expression:

w? = ‘G|+c0k2_m0+c2k2 (17)
where £ is a wave vector.
In addition, Eq. (15) has a solution in the form of a

soliton wave of non-small finite amplitude:

u(x,t) = Fu tanh x=Vyy|. (18

_ %%
\ lcg -r2

Here, the upper sign corresponds to the soliton
(kink) moving with velocity V' < ¢, while the lower

sign corresponds to the antikink. The width of the
soliton (kink or antikink) is determined by the following

formula:
Jeg -1 \/M(cg ~12)
o, G|

0= >
where o, = (|Gl/M)!".

In the absence of interaction between the PG and AC
subsystems with each other and with the environment,
Egs. (12) and (13) describe longitudinal (sound) waves
with dispersion, as follows:

Q*(q)= Q5 +Viq?, (19)
where ¢ is a wave vector.

Let us consider the dynamics of the quasi-1D
lateral structure of lipids when taking into account the
interaction between the PG and AC subsystems, which is
described by Egs. (12) and (13). In this case, the viscous
friction coefficient I, in the PG subsystem is ignored and
the external influence on the PG subsystem is assumed to
be small, so the PG displacements caused by the external
forces may be neglected. Turning to a new spatial variable
§=x—Vtin Egs. (12) and (13), the following system of
two ordinary differential equations may be written:

M©V? —co)ugg MT u§—|G|u+Bu +2xpu = f,,(20)

M(V2 Vo)p§§+m92p+x(u —uo) 0. (21

Of particular interest is the excitation moving along
the considered structure at constant velocity V = V.
Then Eq. (21) implies the following:

X
mQ%

p=- W? —ud). (22)

Substituting this relationship into Eq. (20) with the
consideration of the expression for u (5), the equation
describing the excitation dynamics in the AC subsystem
may be written in the following form:

M2 = c§Juge = MT jug = G+ B = f,, (23)
where

2
G, =0|G|, B,=0|B|,0=1- ,
mQsB

3 0<0<lI.
0

We shall turn to the new variables in Eq. (23)

& _ 2%

u
Zz=—=— d = —
AN
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where A is the width of the excitation localization region.
Then the equation describing the excitation state in AC
subsystem of lipid molecules is written in the following
form:

N, +un, —n+n*-1=0, (24)
where
M
w=rr, l-———-—- (25)
“\/ (3 -V?)G,
B,
1

The solution of Eq. (24) may be written using the
roots of a polynomial [9]:

oM =-n+n*-A=M-n)M-n,)M-13).  (27)

Here, values mM; <M, <M; satisfy the following
relations:

n+n, +N3 = 0, M, +NyN3 +NN3 = -1, nn,n; = A

and define the stationary states of the system:

u] ()C, t) = Th”()a u2 ()C, t) = nzu()a u3 (x’ t) = n3u0 (28)

In addition, Eq. (24) has a solution describing
excitation moving at constant velocity in the form of a
soliton wave (of non-small finite amplitude), provided
that

=
Il
[+
(98]
S

(29)

The specified solution in variables u, x, and ¢ may be
written in the following form [9]:

n, —"M
u(x,t)zi‘uo nl+ﬁ ,

1+exp

(30)

where

A ,/2M(cg -V2) an
JGmy-my)

The minus sign in Eq. (30) corresponds to the kink
(n < 0), while the plus sign stands for the anti-kink.

Egs. (25) and (26) define the relation between the soliton
velocity and the external field in the following form:

20312
pro 00Oy 2 (32)
2MT? +9G 3

The soliton velocity V' is always less than ¢
because the soliton radiates waves when accelerating
under external influence. This results in the additional
energy loss (dissipation) not considered in Egs. (23) and
(32), according to which V' — ¢, with decreasing f; (at
J, — 0). The propagation direction of excitation (soliton)
is determined by the f, sign.

The excitation (kink) motion in the AC subsystem
causes the formation of the compression (extension)
region in the PG subsystem moving in concert with the
kink motion in the AC subsystem. The spatiotemporal
structure of the deformation region in the PG system
is determined by the equation following from relations
(22) and (30):

o [ exp =P 4 ’
U 1 2
plx,0)= Xgoz Ax_Vt —-1]. (33)
3G 1+exp

At the fixed value of parameter V=V, the solutions
for Egs. (10) and (11) have the following forms:

u(x,t) = Fu, tanh i _AVt ,

(34)

A .

2
U,
p(x,1)= ’:902 sech (35)

0

r0.20

r0.16

nm

r0.12

-0.08

u(x, t),
p(x, t), nm

r0.04

0.00

Figure. Displacements of AC u(x, t) (34) (solid curve)
and PG p(x, t) (35) (dashed curve) of lipid molecules in
quasi-1D DS of the membranes

Figure shows calculation results of the displacement
of AC u(x, t) (34) and PG p(x, t) (35) of lipid molecules
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in a quasi-1D DS of the membrane. Calculations have
been performed with the parameters derived from
the following experimental data. The characteristic
frequency Q, = 10! Hz is estimated on the basis of
experimental data for PG dipole oscillations [8]. The
value ¢, = 200 m/s as an estimate of sound velocity
was taken from the interval of values obtained in
experiments on measuring of the sound velocity in lipid
monolayers [7]. The value u, = 1.1 nm is estimated
on the basis of experimental data for the AC average
angle of inclination (34°—41°) in L,, phase in lecithin
liposomes [10]. The kink width value A = 8.0 nm
is estimated from the data on the size of defect area
formed in the AC subsystem of the lipid membranes
at temperatures close to the main phase transition
temperature (pre-transition temperature range) [10]. At
the calculated value of width A, the soliton region covers
approximately 10 lipid molecules. The kink solution for
the AC displacement u(x, #) describes a dislocation-type
defect forming in AC subsystem. Negative and positive
values u(x, f) correspond to deviations of AC of lipid
molecules in opposite directions. The soliton solution for
the PG displacement p(x, ) describes the compression
deformation in PG subsystem caused by the defect
in AC.

Comparing the equations for the soliton width A
(18) and (31) derived without considering the PG and
AC interaction, it may be seen that the interaction of the
PG and AC subsystems results in increasing excitation

region (kink or antikink width) by VO times. Thus, with
increasing interaction parameter y, the potential barrier
height E = O0FE, decreases and the excitation
autolocalization region increases.

With increasing temperature in the temperature range
below T, the value of parameter G(T) (4), determining
the barrier height of the potential U(u,) (3), decreases
that leads to a single minimum potential 7' > T_ and
disappearing of bistability in the system. A decrease in
G(T) results in the soliton spatial size reduction.

Thus, the degree of excitation localization in the
one-dimensional membrane lipid structure increases
as the temperature approaches T,. This is due to the
increase in the effective force A (26) in Eq. (24), which
increases with increasing temperature as |7 — T c|71'5
up to the maximum value determined by Eq. (26). At
the same time, as noted above, the sign of the external
force determines the propagation direction of excitation
along quasi-linear DCs in the membrane. In addition,
the soliton becomes asymmetric under the impact of the
external field.

With increasing temperature 7 and, consequently,
effective force A (26), the soliton velocity along the lipid
chain also increases. At temperatures close to A =4,
the localized state begins to collapse, and a periodic
spatiotemporal structure of cnoidal wave type is formed.

3. DISCUSSION

Numerous theoretical studies in biophysics indicate
the distinct role of quasi-1D regular molecular structures
in biosystems including the transport of energy,
matter, and information over considerable molecular
distances [11-13]. This research area covers mainly the
transport of energy and charges along linear molecules
such as DNA, polypeptides, and linear polymers [14—-16].
Of particular interest in this regard are studies of the
collective dynamics of quasi-1D lateral structures
in multicomponent biological membranes and the
possibility of transferring local excitations through such
structures, which are caused by physical and chemical
influences on selected membrane components. This
interest is determined by the crucial role of biological
membranes in living cells. It is assumed that the nature
of the cooperative properties of biological membranes is
determined by the interaction of its subunits (receptors
and ion channels) carried out through such quasi-1D
structures in lipid bilayers [5].

This paper undertakes a theoretical study on the
collective dynamics of quasi-1D domain structures
in liquid crystalline lipid membranes. Here, quasi-1D
structures of lipid molecules formed as a result of lateral
domain organization of the bilayer are considered as
quasi-1D DS in the membranes. The existence of these
structures in cellular membranes is confirmed by various
experimental methods: X-ray diffraction, neutron
scattering, electron paramagnetic resonance (EPR), and
electron microscopy in multicomponent lipid bilayers
[6, 17, and 18], as well as by numerical simulation of
DSs in lipid membranes. Computer simulations showed
that the self-organization of percolation DSs may result
from phase separation in two-component membranes
formed by lipid molecules differing in their structural
and physical properties [19, 20].

In the developed model of quasi-1D DS dynamics,
we considered two interacting subsystems in lipid
bilayers: the membrane surface formed by PG of lipid
molecules; and the inner hydrophobic region of the
membrane consisting of lipid ACs. The model took into
account the significant dependence of the AC subsystem
dynamics on temperature 7' in temperature range 7, of
the lipid melting phase transition [1]. Therefore, the
Ginzburg—Landau Hamiltonian, widely used in the
study of critical phenomena, is chosen for describing the
hydrophobic region dynamics of lipid ACs. The results
of an analytical study in the paper showed that elastic
excitations moving at constant velocity in the form
of soliton waves (of non-small finite amplitude) may
exist in the quasi-1D lateral structures of lipids when
taking into account the interaction of two subsystems
with each other and the environment. The formation
and displacement of a defect (dislocation) in the AC
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subsystem causes the formation of the acoustic soliton
as the compression region in the lipid PG subsystem
moving in concert with the displacement of the defect
(kink) in the AC subsystem. Thus, the soliton-type
excitations formed in quasi-1D DS are local regions of
of lipid PG displacements and structural defects in the
AC subsystem moving along the molecular structure.
When increasing temperature 7' (with the external
influence unchanged), the soliton velocity along the
chain of lipid molecules and its localization degree
increase. However, at a certain temperature value close
to melting temperature 7, the localized state begins to
collapse, and the periodic spatial structure of cnoidal
wave type is formed. We suggested that this periodic
structure may be correlated with the Py phase observed
in lipid bilayers in the temperature range below the main
phase transition temperature [ 10]. It should also be noted
that disturbances in the form of small amplitude waves
(small-amplitude phonons) whose frequency decreases
with increasing temperature up to zero at 7' = T, (“soft
mode”) may exist in the considered quasi-1D DS
at T<T_[21].

Experimental data on the observation of soliton-
type excitations in lipid bilayers have been obtained
in a number of experiments using different methods
for excitation and registration of elastic pulses. In the
experiment with optical generation of elastic waves in
lipid monolayers, excitation of acoustic soliton-like
pulses forming and propagating with shape preservation
has been observed at surface pressure above a certain
threshold value [22]. Elastic excitations of the soliton
type have been also observed in lipid liposomes in the
lipid melting temperature range [23]. Soliton formation
and motion have been also detected and studied in
nematic and cholesteric LC planar structures using
methods of nonlinear optics under various experimental
conditions [24, 25]. It has been shown experimentally
that formation of solitons (small-width domain walls)
occurs in the magnetic field or under the action of
shear stresses within a certain range of values. Soliton
formation and motion in nematic LC planar structures
have been described theoretically within the framework
of the Ericksen—Leslie theory for the nematic state [24].
It was shown in our paper that similar soliton-type
excitations may occur in lyotropic LC DSs in lipid
membranes.

The described mechanism of local region
formation of elastic deformation and its motion in
the form of a soliton is considered to be a possible
molecular mechanism of directed transport of elastic
energy along the LC membrane surfaces. The soliton
capture by membrane protein complexes (receptors,
ion channels) results in the elastic energy transfer to
the protein molecule, which may be a trigger for their
conformational transitions and their activation [26].

It is also assumed that excitation and propagation of
the elastic deformation pulse in the form of a soliton
may accompany the nerve impulse propagation in the
axon [23].

The formation and displacement of the local
deformation region in the membrane may also result
in the charge capture by the soliton and the charge
motion together with it. The capture mechanism and
the resulting charge transport process by the acoustic
soliton along one-dimensional molecular structures are
discussed in [13, 27, and 28]. Similarly, the capture of
charges and their transport by solitons in quasi-1D DS
of lipid membranes may result in lateral transport in
cell membranes. The possibility of particle transport by
solitons has been confirmed in experimental studies of
solitons in planar cholesteric LC structures [25]. It was
established in the paper that the soliton corresponding
to the local defect in LC structure is an attraction
region for impurity particles, resulting in the capture
of particles and their transport by the moving soliton.
Further progress and application of the developed model
to the description of soliton transport of particles in LC
membranes will be discussed in the next paper.

CONCLUSIONS

The simulation of dynamic properties of LC
domain structures of lipid membranes, carried out
in the paper, showed that these structures exhibit the
properties of active media, wherein the formation
of localized coherent excitations on macroscopic
spatial and temporal scales occurs. The formation
process of localized soliton-type excitations in quasi-
linear domain structures represents the formation
of the local deformation region in the PG system
and the formation of topological defects in the AC
system of lipid molecules. The simulation results
revealed the possibility of a soliton motion along
quasi-1D DSs as the non-dissipative motion of the
local deformation region in the chain of lipid PGs,
accompanied by the cooperative motion of the defect
(kink) in the region of acyl chains of lipid molecules.
The molecular mechanism herein proposed may
be used for describing the elastic energy directed
transfer along LC membranes and the cooperative
behaviour of membrane bioenergetic complexes.
Further development of the model will be targeted
at describing the molecular mechanisms of particle
capture by moving solitons and directed transport of
charged particles (protons and electrons) along quasi-
linear domain structures in biological and artificial
polymeric membranes.
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