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Mechanism of gas molecule transport through erythrocytes’ membranes by kinks-solitons
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A model of kinks appearance in the lipid bilayer membrane of erythrocytes, which are responsible for gas molecule transport, in particular, oxygen,
is proposed. It was shown that the kinks arise due to the simultaneous action of transverse and tensile longitudinal mechanical stresses compressing
the membrane. This model explains the membrane’s permeability sharp increase for gases during an erythrocyte passage through the microcapillary
network with the compressive transverse mechanical stresses sharply increasing in its membrane. It was found that the equation of kinks motion
has a soliton solution, so that a kink-soliton is formed in the bilayer of the erythrocyte membrane. The developed model is consistent with the
previously experimentally established fact that the native erythrocyte membranes in the bloodstream undergo a structural transition, when small
changes in blood pH, hormone concentration, and temperature dramatically change the conformation of the biomembranes and its functions by

changing the mechanical stress field in the biomembrane.
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1. Introduction

Gas molecule transfer (O, CO, CO2, NHy4) through an erythrocyte’s membranes is an important physiological
process. Biomembranes usually consist of two lipids layers, where proteins are embedded. This is a typical nanosys-
tem, since the thickness of lipid layers does not usually exceed 10 nm. The structural state of the biomembrane is very
complex. In the normal state, the membrane is in a liquid crystalline state, but a phase transition to the gel phase can
occur in it, depending on the external conditions. In general, lipids perform rather complex movements, including lat-
eral diffusion, rotational movement around the axis, and some others. The lateral diffusion coefficient of spin-labeled
or fluorescent phospholipid probes can be analyzed by several methods: electronic paramagnetic resonance, nuclear
magnetic resonance and fluorescence. The root-mean-square displacement of such a probe is determined by the Ein-
stein relation: 12 = 4Dt (two-dimensional system). In this case, the diffusion coefficient values were found to be quite
high: D =107 =107 m?/s [1].

Gas molecule transport through the biomembrane should be determined by the same mechanisms as the diffusion
probe. It was experimentally established that the erythrocyte’s membrane permeability for gas molecules is not lower
than the water layer permeability of the same thickness [2]. This is rather strange, since the dynamic viscosity of the
lipid bilayer, which forms most of the erythrocyte membrane surface, is from 30 to 100 mPa-s, and water is about
1 mPa-s. Indeed, the diffusion coefficient D of the spherical particle with radius r is determined by the Einstein—
Stokes formula: D = kT/6mpur, where k is the Boltzmann constant, T is the temperature, and p is the medium
viscosity coefficient. This leads to the fact, that diffusion resistance of the lipid bilayer should also be greater than
the corresponding value for the same water layer. The data of measurements of the oxygen molecules permeability
through monolayer artificial lipid membranes are in agreement with this conclusion. Their permeability is shown to
be significantly lower than that of a water layer of similar thickness [3,4].

The observed facilitated diffusion of oxygen molecules are attempted to explain by the fact that the main stream of
oxygen molecules passes through the proteins’ membrane of aquaporin AQP1 in a number of papers [5-8]. Currently,
aquaporins have also been associated with the transport of CO, COs, Oz, NHy [9-11]. Such a mechanism actually
takes place, but it does not explain the sharp increase in the gas molecule’s transport through the membrane during the
erythrocyte’s passage through the microcapillary chain and into lungs alveoli. There must also be a mechanism (or
mechanisms) regulating this flux.

Facilitated gaseous diffusion is necessary through the erythrocyte’s membranes when the hemoglobin of the ery-
throcyte is saturated with oxygen in the lungs capillaries. It is known that in this case, about a third of the oxygen,
carried by it, penetrates into the erythrocyte cytoplasm in a quarter of a second [12]. There is no known mechanism that
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allows such a large amount of oxygen to be transferred through the membrane in such a short time. There is another
problem with gas exchange in the cardiovascular system. Gas exchange is not desirable in a case, when erythrocytes
pass through the arteries and veins. It should occur during the passage of erythrocytes through microcapillaries, pene-
trating tissues and through the lungs alveoli. Otherwise, oxygen entered the bloodstream, increases the concentration
of reactive oxygen species in the blood, which leads to an increase in lipid peroxidation of the cell membranes in blood
vessel walls.

It was previously suggested that the gaseous diffusion in the lipid bilayer can occur with the help of kinks running
along the hydrocarbon chains of phospholipids, that is, bends arising in the hydrocarbon chains [13, 14]. It was
believed that kinks arise due to the energy of thermal vibrations of phospholipids. While paying tribute to such a
mechanism, one should note its obvious shortcomings. First of all, the indicated fluctuating nature of kink formation
determines their obvious instability. It is unclear how the kinks appearance synchronization occurs in the hydrocarbon
chain, which should determine the directional transport of gas molecules by kinks along the hydrocarbon chain.

The aim of this paper is to study the mechanism of the kinks’ appearance in the hydrocarbon chain of phos-
pholipids. It is shown that they arise as a result of mechanical transverse compression of the erythrocyte membrane
during its passage through the microcapillary layer and through the lungs alveoli. The mathematical model describing
the kinks’ evolution is formulated and it is established that not simple kinks, but the kinks-solitons are formed. The
models of kink-solitons, running along the infinite hydrocarbon chain of the erythrocyte membrane lipids and along a
real chain of finite length, are analyzed.

2. Equation of a hydrocarbon chain motion

In order to study the transport of gas molecules by erythrocytes, it is first necessary, to analyze their passage
through the corresponding membrane, through the corresponding lipid bilayer. So, we should consider a hydrocarbon
chain section of a phospholipid molecule with saturated bonds. It consists of n carbon groups and the distance between
them is determined by the valence bonds and the corresponding angles. A section of such a hydrocarbon chain of three
CHs-groups (groups i, i+ 1, ¢ — 1) is shown in Fig. 1, where 6; is the bond angle, and ¢; is the angle of internal rotaton.
The bond lengths and bond angles #; remain constant (Fig. 1). The polymer molecule conformation is determined by
the angles of rotation around C—C bonds, or angles of internal rotation [15]. These are the angles between two planes
formed by bond pairs (¢ — 1, ¢) and (z, ¢ + 1).
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F1G. 1. A hydrocarbon chain section with saturated bonds: ¢ is a number of CHs-group of atoms,
i is the bond angle, ¢; is the angle of internal rotation

The erythrocytes roll up into cylinders, passing through microcapillaries [16]. If there are no stretching regions in
the lipid bilayer, then the double hydrocarbon tails of phospholipid molecules in the biomembrane are in a completely
trans-configuration. All angles are zero, and the hydrocarbon chain is a linear structure in the trans-conformation.
This is illustrated in Fig. 2a, which is a side view of the double hydrocarbon tails of phospholipid molecules in the
trans-configuration.

On the contrary, in the general case, when erythrocytes pass through the microcapillary, longitudinal mechanical
tensile stresses G and mechanical compressive stresses P increase in the direction transverse to the membrane plane
in their plasma membranes (see Fig. 2b). The hydrocarbon tail loses its stability, its links begin to rotate under the
action of the transverse mechanical compression stress and the longitudinal mechanical tensile stress. This leads to the
bending of the phospholipid chain and a kink formation. As a result of membrane compression, its thickness decreases
by h = 0.127 nm (see Fig. 2b).
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F1G. 2. Side view of double hydrocarbon tails of phospholipid molecules in a biomembrane, which
are in trans-configuration (a) and in the presence of transverse and longitudinal mechanical
stresses (b)

The appearance of a kink is due to the rotation of CHy groups around the OX axis by an angle ¥; (see Fig. 3),
which arises under the action of transverse and longitudinal mechanical stresses. The rotation of each CHy-group is
determined by the forces moment N1, created by the interaction between this hydrocarbon chains group of neighbor-
ing phospholipid molecules. In addition, it is necessary to take into account the forces moment N5, created during
steric interaction of hydrogen atoms during rotation of CHy-groups 4 and (¢ 4+ 1) and groups ¢ and (¢ — 1) around
C—C bonds. Finally, one should take into account the forces moment N3, created by the interaction of the membrane
electric field and the induced dipole moment of the C—C bond. Thus, the equation of the i-th group motion has the
following form:

2
88;12’1 = Nj1 + Ni2 + Ni3, (1)

where J — an inertia moment i-th CHy-groups around the axis OX (Fig. 1).
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F1G. 3. The kink is moved by turning the CHy-group number ¢ around the axis rotation OX by the
angle U;. The OX axis is directed along the hydrocarbon chain

Let us consistently consider the moments N1, N;2, N;3 in eq. (1). In the trans-configuration of the hydrocarbon
chain ¥; = 0. On the other hand, in gauche(+)-trans-gauche(—)-configurations ¥; = 7. The forces moment, created
by the interaction of neighboring hydrocarbon chains IN;; is maximum at ¥; = /4, 37 /4, 57/4 and 77 /4 and is
equal to zero at ¥; = 0, ¥; = 7/2, w and 37 /4. Indeed, at ¥; = 0 or ¥; = 7, the arm of force F acting between the
i-th CHs-group and the hydrocarbon chains of neighboring phospholipid molecules in the process of rotating around
OX axis rotation is equal to zero. When ¥, = 7/2 or 37 /2, the force F is equal to zero. Thus, this forces moment
is equal to: N;; = Kpsin(29;), where K = F, here [ is the length of the C-C bond, and F is the force, tending
to rotate the CHa-group ¢ around the C—C bond by ¥; angle (see Fig. 3). This force can be estimated using Young’s
modulus of longitudinal tension E of a biomembrane [17]. Further, it will be assumed that K = const.

There is an electric field with strength E, which causes the polarization of the C—C bonds of phospholipid
molecules in the native membrane of the erythrocyte. Each C—C bond acquires an electric dipole moment. Let us
denote the electric dipole moment between carbon atoms (¢ — 1) and ¢ as p;_1, between ¢, (¢« + 1) as p;, and between
(i+1), (242) as p;+1. Two positions of these three dipoles are shown in Fig. 4 with arrows, when a kink passes through
them at ¥; = 0 and ¥; = 7. The dashed lines indicate the force lines of the electric field strength E in the membrane.
The interaction energy of the electric dipole p with the electric field is equal to Wy = —p - E = —pF cos(«a), where
« is the angle between E and p vectors. The dipole modulus equals to p = €¢/3 cos o, where 3 is the polarizability
coefficient of the C—C bond and ¢ is the electrical constant. The energy Wy is determined by the angle . When
the three dipoles rotate around the OX axis from ¥; = 0 to ¥; = 7 for p,_ dipole, the angle « changes from 7/3
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to /2, for p;_; dipole, the angle o does not change and is equal to 7/3, for p;41 the angle « varies from 7 /2 to
/3. When ¥; = x/2 for p;_1 and p;41, the angle @ = 75°. Between the states of three dipoles p;—1, P;, Pi+1 at
U, = 7 and at ¥; = 7 there is an energy barrier with a height AWy = ¢SE? created by the interaction of these
three dipoles with the electric field of the membrane. Thus, it is easy to establish that the forces moment N5 is equal
to NiQ =-KF SIH(Q\IJZ)

F1G. 4. Two positions of three dipoles p;_1, p;, Pi+1 at ¥; = 0 (flat dashed arrows) and ¥; = 7
(flat solid arrows) in the membrane electric field E

The force moment N3 is created by the ¢-th atomic group interaction with the neighboring groups (i — 1) and
(i + 1) (see Fig. 3). It appears because of the barrier A F in the interaction energy of neighboring atomic CHz-groups,
which appears during these groups rotation around C—C bonds. The barrier arises as a result of steric repulsion of
closely spaced valence unbonded hydrogen atoms of neighboring CH,-groups. The energy minimum occurs if two
pairs of hydrogen atoms of neighboring CHs-groups are in a crossed state ((¥;_1 — ¥;) = 0 or 7), and the maximum
corresponds to shaded conformations ((¥;_; — ¥;) = 7)). For a saturated hydrocarbon chain, AF barrier changes
from 12 to 17 kJ/mol, depending on the link and the length position of the hydrocarbon chain [17]. If the difference in
the angles of neighboring groups rotation is small or at least less 7/2 (U;_; — ¥;) < ), then we can approximately
assume that the forces moments, created by the interaction of atomic group ¢ with atomic groups (: — 1) and (¢ + 1)
are respectively equal to x(¥,_1 — ¥;) and x(V¥;4+1 — V;), where y is some constant determined by the following
relation: y = AE/(n/2)?. Here AE is the barrier value in the energy of neighboring atomic CH,-groups interaction,
which appears during these groups rotation around C—C bonds. Therefore, the total moment turns out to be equal to
Nig = x(Vip1 —2V; + ¥;_q).

Substituting the obtained expressions for the moments into eq. (1), we obtain:
0%y,

ot?

where NV is the number of atomic groups in the simulated hydrocarbon chain.

J

:X(\I/lqu—21111‘—}-\1’1',1)4—(KF—KE)SiHQ\I/i, i:1,2,...N, (2)

3. Soliton solution for the equation of a kink motion

Let us first consider the evolution of a sufficiently long hydrocarbon chain. The number of CHs-groups is large
and the chain length is much greater than the distance between them in such a chain. In order to qualitatively describe
its evolution, one needs to go to the limit, directing the distance between groups to zero. In fact, this is equivalent
to considering an infinite chain. So, if we denote the distance between neighboring atomic groups by I and put
x = K172, we will assume that K remains a finite constant as [ — 0 (this is a kind of the thermodynamic limit
transition analogue [18], if we remind that the number of groups tends to infinity). Directing the OX axis along the
hydrocarbon tails, it is easy to see that eq. (2) is reduced to the sine-Gordon differential equation [19]:

2 2
J%T;IJ—KZ%—(KF—KE)SJH%IJ:O. 3)

We will find a solution to this equation in the form of f(£) function, where { = « & V'¢, x is the coordinate along

OX and V is the kink velocity. Substituting this solution into (3), after simple transformations we find

1 (af>2+ (Kr — Kg)

3\ 3¢ 2V K) cos (2f) =7, “

where v = const.



26 P. V. Mokrushnikov, V. Ya. Rudyak, E. V. Lezhnev

Equation (4) is the equation of an oscillator moving in a potential well U(f) = Ugcos(2f), where U(f) =
Upcos(2f), and Uy = (Kr — Kg)/[2(JV? — K)]. Aty < —U, the equation has no solution. On the other
hand, if —Uy < v < Uy, then the oscillator performs periodic oscillations inside one of the potential well. Fi-
nally, for v = —Uj, the solution describes a soliton, i.e. isolated perturbation tending to constant values at infinity:
) Erf f(&) = const. Thus the soliton solution of the eq. (4) has the following form:

tan (f/2) = exp{£2/7(£ + o)}, ®)

where £y = const. The dependence of the function f from (x — V't) is presented in Fig. 5, here & is the width of the
kink-soliton.
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FIG. 5. The form of solution (5) for2,/y =V =1

For the kinks-solitons appearance in the hydrocarbon chain, such a chain must be subjected to mechanical com-
pression with a strictly defined value of transverse pressure P. In this case, the phospholipid is compressed by A,
and then straightens and the kink-soliton runs along it. So, in order to do it, the work A of the mechanical pressure
P, compressing the membrane in the transverse direction must be equal to the energy of the kink-soliton W and the
kinetic energy, transferred by the kink-soliton at the velocity V' of a gas molecule with mass m. We estimate the
work A using Young’s modulus of transverse compression E | of the biomembrane. The energy of the kink-soliton is
calculated the same way, as it is done in [19]. In order to do it, we find the density of the Hamiltonian from eq. (3),
and then calculate the energy of the kink-soliton in an infinite hydrocarbon chain. The width of the kink is equal to
h (Fig. 5). At this distance, the angle of f rotation varies from O to 7. This is done under the following conditions:

(Krp — Kg) E|SA? V2

m
TEygvioK)y e e

/7 = n2, (©)

where S is lipid cross-sectional area, and L is its length.

From conditions (6), it is possible to estimate velocity of the kink-soliton, its energy W, and the value of critical
compression A. In order to do this, it is necessary to evaluate the constants K, K, Kg. The force F, tending to
rotate the CHz-group 4 around the C—C bond, can be estimated using the Young’s modulus of longitudinal tension £
of the biomembrane F' = €F) 51, where S is the area, occupied by the CHa-group, and ¢ is the relative membrane
elongation. Setting ¢ = 0.01, B = 5-10° N/m?, $; = 0.084 N-m?, [ = 0.15 nm [17], we get Kp = 0.628 -
107** N'm.

The polarizability is 3 = 1.25 - 1073 m?3, and the electric field strength in the erythrocyte membrane is £ ~
5 - 107 V/m for C—C bonds, [17]. Substituting these values into the expression for K = (2AWg/7), we get
Kp = 2.044-107%7 N-m. We estimate the constant y by the formula y = AFE/(7/2)?, where AFE is the value of the
barrier in the interaction energy of neighboring atomic CHs-groups, which appears when these groups rotate around
C-C bonds. Taking AE = 12.5 kJ/mol, we find that y = 0.843 - 10~2" N-m/rad. Therefore the constant K = x{ is
equal to the following value KX = 1.897 - 10~4° N-m®/rad. The inertia moment of the CH,-group around the OX axis
rotation (Fig. 3) J = MI?, where M is the mass of the CHy-group. Substituting the corresponding value values, we
find J = 0.544 - 10~*° kg-m?. The velocity of the kink-soliton is V' = 591 m/s.
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The energy of the kink-soliton W is calculated from the density of the Hamiltonian H corresponding to the eq. (3):
v 7°Hd g L (Y K (N =K, -
= x == —= — | =] ———2sin
’ 2 |7 o I \ox l ’
— 0o

where j = (M1?)/2 is the linear density of the inertia moment of the hydrocarbon chain. Substituting solution (5) and
relations (6) into (7), we find:

. 2K (Kp — Kg) 2772K
W =2jV? — 7 = .
VIV VY NGl i
Thus, the energy of the kink-soliton depends only on the barrier value A E of the interaction energy of neighboring

atomic CHs-groups, which appears during these groups rotation around C—C bonds. Substituting the corresponding
values, we obtain T = 2.703 - 10~2" J, and the critical compression of the phospholipid is equal to A = 1.28 nm.

®)

4. Modeling the kinks-solitons in silico motion

In the previous section, a kink was shown to arise in a hydrocarbon chain as a result of its mechanical deformation.
Its dynamics are described by a soliton (5) in the approximation of an infinite chain: the kink-soliton moves along
the hydrocarbon chain. Such kinks-solitons, which appear in the lipid bilayer as a result of structural changes in
biomembranes, can indeed determine the real mechanism of gas molecules transporting. At the same time, it is
obvious that in a real situation the hydrocarbon chain has a finite size. Do the kinks-solitons form in such a chain,
and if so, how do their characteristics depend on the parameters of the system modeled? This section is devoted
to answering these questions. In silico simulation of the dynamics of a finite-length acyl chain is performed here.
Situations are simulated when the number of links in the hydrocarbon chain is limited and when three of the bonds are
unsaturated (C=C).

Equation (2) of motion about the axis of the OX ith CH»-group has the form:

0%,
or?
Here, the time is normalized to the time 7o = 107 '? s, it is determined by the interaction time of the neighboring
CH;-groups of the hydrocarbon chain, which is of the order of [/V. It is easy to establish that this time in this case
is 0.26 - 10712 5. The coefficient A = (XT02 /J ) included in (9) is determined by the forces moment acting between
neighboring CHy-groups as a result of steric interaction of hydrogen atoms as they rotate around C—C bonds. For the
erythrocyte membrane, A = 15.5 for a single C—C bond. For a link with a double C=C bond, rotation around it is very
difficult (the height of the energy barrier AE is about 270 kJ/mol) and A = 334.5.

Coefficient B = (Kp — Kg)72J " depends on the moment of forces, created by the interaction of the i-th
CHs-group and hydrocarbon chains of neighboring lipid molecules, rotating around the OX axis (see Fig. 4). Taking
into account the estimates given above, B = 0.1154.

The equations system (9) was solved by the fourth order Runge—Kutta method. The initial angle W, and the
corresponding angular velocity wio were set as the initial state of the system for the first link. The rest of links at the
initial moment of time had zero angle of rotation and angular velocity. Since a finite chain was considered, boundary
links (zero and (n + 1)-th were introduced, which parameters values were fixed.

The evolution of a hydrocarbon chain, consisting of 20 CHs-groups, is shown in Fig. 6. This evolution is described
by the rotation angle W (radians) of each of the groups. Here, the group number is indicated along the abscissa axis,
time was measured in times 7y, and the constants in eq. (9) were equal to A = 15.5 and B = 0.1154. A kink forms
in the hydrocarbon chain at time 7 = 0.5, which further transforms into a kink-soliton, spreading along the chain
at V velocity. Thus, the kink-soliton is formed in the hydrocarbon chain, moving at a given velocity along it. The
deformation process of the erythrocyte membrane during its passage through the microcapillary layer and through the
lungs alveoli is periodic. The kink-soliton is formed periodically in the considered hydrocarbon chain.

Coefficient B in eq. (9) is determined by coefficients K and K g, which depend on the membrane conformation.
With some change in the composition of membrane lipids, for example, with an increase or decrease in cholesterol
concentration, the B coefficient will change. It is important to understand how this can affect the formation and motion
of the kink-soliton. In order to find out, solutions of eq. (9) were constructed for a hydrocarbon chain of 20 groups at
a fixed coefficient A = 15.5. Coefficient B varied from 0.1 to 0.35. It was found that the kink-soliton appeared in the
indicated range, its energy did not depend on the coefficient B. This was consistent with formula (8), indeed, if we
substitute the definition of A coefficient in it, we get the following value B = (2.772.J1A) / (13 h).

It is important to understand what happens when the coefficient A changes. For this purpose, parametric calcula-
tions were carried out with the constant coefficient B = 0.11544, where A varied from 15.5 to 45. It was found that

J A(\I/i+1 - 2\:[/1 + \I’ifl) - BSiIl2\I/i = 0, 1= 1,2, .. .,N. (9)
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FI1G. 6. Evolution of the rotation angle of the hydrocarbon chain CHy-groups at different times
7 =0.5, 1, 1.5, 2 (from left to right)

a kink-soliton always appeared in this case as well. The dependence of the dimensionless value of the kink-soliton

energy W, = W/W,, where W; is the kink-soliton energy at A = 15.5, is shown in Fig. 7. The energy of a soliton is
directly proportional to the coefficient A, which agrees with formula (8).
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F1G. 7. Dependence of the kink-soliton dimensionless energy W 4 on the coefficient A

In phospholipid molecules, along with saturated C—C bonds, there can be links with a C=C double bond. The
modeling has shown that, the kink-soliton is also formed in the presence of such bonds, but its structure and properties
change significantly. A comparison of the kink-soliton’s energy distribution over individual groups is shown in Fig. 8.
Here the values of the relative energy W/W,,, (W is the rotational motion energy of the i-th CHy-group, W, is the
maximum energy of the fourth CHy-group rotational motion) of the rotational motion of each CHjy-group saturated
(Fig. 8a) and unsaturated (Fig. 8b) a hydrocarbon chain during a soliton passing along it are given.
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F1G. 8. Energy of each saturated CHy-group rotational motion (a) and unsaturated (b) hydrocarbon
chain during a soliton passing along it

The links 2, 3, 4 are with a double bond C=C in the unsaturated chain, the rest is with a single C—C bond. The
presented picture corresponds to the time 7 = 1 (see Fig. 6b), when the link number 4 has the highest angular velocity
(and kinetic energy). The group number is again plotted along the abscissa axis. In the presence of a single bond, a
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soliton is actually formed by four groups 3, 4, 5, 6 (see Fig. 6b). Group 4 has the maximum energy, the energy of the
5th group is about 30 % of the maximum, and groups 3 and 6 have very low relative energies. On the other hand, in
the presence of double bonds, groups 1, 2, 6, 7 also have a sufficiently high energy. The kink-soliton is formed not by
four, but by five groups.

The difference between a soliton in an unsaturated hydrocarbon chain and a soliton in a saturated chain is that,
the CHa-groups, connected by a double bond continue to oscillate with large amplitude, taking up part of the soliton
energy after the soliton has passed the front. This is not observed in the saturated chain; after the soliton passes the
front, the CHy groups vibrate with very small amplitude. Thus, the soliton is “blurred” in the unsaturated chain, and it
is necessary to give the former greater energy for its existence. A stronger transverse compression of the erythrocyte
membrane is necessary during the erythrocyte passaging through the microcapillaries. In this case, in the erythrocyte
membrane from saturated and unsaturated phospholipids, kink-solitons will appear in saturated chains, and will not do
it in unsaturated chains. Therefore, gaseous transport through the membrane should decrease with an increase in the
concentration of unsaturated lipids in it. It is known that when animals hibernate, the lipid bilayer of the erythrocyte
membranes is enriched with lipids with unsaturated bonds in hydrocarbon chains. According to the developed model,
this contributes to a decrease in oxygen permeability for these membranes.

5. Discussion of the obtained results and concluding remarks

Let us consider the above approximations, before discussing the obtained results. Eqs. (2) and (7) describe
the interactions between hydrocarbon chain links of phospholipids in the lipid bilayer of the erythrocyte membrane
approximately. First, the interaction of the lipid hydrocarbon chain links with membrane proteins is not considered.
Meanwhile, membrane proteins make up approximately 50 % of the erythrocyte membranes mass; they strongly affect
the conformation of the membranes lipid bilayer [20]. Secondly, considering the forces moment N3 in eq. (1), we
neglected the steric interaction of hydrogen atoms during rotation of the i-th CHy-group with groups (¢ + 2), and
(¢ — 2), etc., leaving only the moment of forces, created due to the steric interaction of hydrogen atoms during the
rotation of two neighboring CHs-groups (i-th and (¢ + 1)-th) and two neighboring CH»-groups (i-th and (¢ — 1)-th)
around C—C bonds. Meanwhile, more distant CHs-groups also affect the rotation of the i-th CHs-group. This error
is easy to estimate. The steric interaction of hydrogen atoms is due to Van Der Waals forces (dipole-dipole induced
interaction) between them. These forces are inversely proportional to the distance between atoms to the sixth power.
Therefore, the exact value of . coefficient in eq. (2) is: x. = x(1 + 2764364 . .). The difference between the
exact value of this coefficient and that used in eqs. (2) and (7) is less than 2 %. Thus, the model, developed here, is
quite adequate. In principle, of course, it is not difficult to take into account subsequent contributions to x., however
this will not lead to significant changes in the final results.

Now, let us consider the possibilities of the kink-soliton model for describing processes actually observed in
practice. With an increase in cholesterol concentration in biomembranes, their permeability to oxygen molecules
decreased. This was established by the method of molecular dynamics [21] and by measuring the biomembrane per-
meability of a human eye’s corneal cells [22-26], the Chinese hamster’s ovary cells [27] using electron paramagnetic
resonance. These data are quite explainable by the kink-soliton model of oxygen molecule transport. Indeed, choles-
terol molecules can easily move along the membrane, being incorporated into the biomembrane, increasing the interac-
tion energy between the hydrocarbon chains of the bilayer molecules and creating mechanical compressive stresses in
the membrane. The chains are in the trans-configuration, and their transition to the gauche-trans-gauche-configuration
turns out to be difficult (Fig. 2). Cholesterol hindered the appearance of kinks-solitons, and the membrane permeability
decreased, coming up to the hydrocarbon chains of phospholipids.

After all, it was experimentally established that the oxygen permeability was lower in the protein-lipid domains of
cytoplasmic membranes than in the areas between them [27]. The same fact was found for artificial lipid membranes,
enriched with cholesterol [28]. This difference can be explained by the fact that mechanical compression deformations
prevail in the protein-lipid domains of biomembranes, and tensile deformations prevail in the areas between them [20].
The kinks-solitons formation is hindered in protein-lipid domains, while the kinks-solitons are more often formed in
the regions between them and the oxygen permeability for these regions is higher.

Further, it was found that by using the electron paramagnetic resonance method, the inclusion of a cis- or trans-
double bond in the C9-C10 position of the alkyl chain reduced oxygen transfer at all sites of the membrane in the
absence of cholesterol [14]. If oxygen were transported through the membrane only due to passive diffusion, then the
presence of a double bond in the alkyl chain should have increased the oxygen transfer. Double bonds created kinks
in the alkyl chain; the lipid bilayer was more friable than the lipid bilayer of phospholipids with saturated bonds in
the alkyl chain. Passive diffusion through a more friable lipid bilayer should be higher, but the experiment showed
the opposite fact. The model of oxygen molecule transportation using kinks-solitons, presented in this paper, explains
the results of this experiment. Turning around is facilitated (the energy barrier height is about 12.5 kJ/mol) for a link
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with a saturated C—C bond. On the other hand, for a link with a C=C double bond, such a turn is difficult, on the
contrary (the height of the energy barrier is about 270 kJ/mol of energy). Therefore, the frequency of the kink-soliton
occurrence becomes very low. It is known that when fish start hibernation, the lipid bilayer of the plasma membranes
of their cells is enriched with phospholipids with unsaturated bonds in hydrocarbon chains [29]. This helps to reduce
the oxygen permeability of these membranes.

Mechanical stresses in membranes affect the ability of erythrocytes to fold when they pass through micro cap-
illaries [30]. These stresses change under the influence of exogenous and endogenous factors: hormones [31, 32],
nanoparticles [33-36], blood plasma proteins [37], vitamin E [38]. Apparently, the change in the microviscosity of the
erythrocyte membranes is one of the mechanisms of a human body adaptation to the harsh conditions of the Far North.
The native membrane of an erythrocyte in blood undergoes a structural transition under physiological parameters of
blood [39]. Small changes in blood pH, hormone concentration, and temperature dramatically change the biomem-
branes conformation, thus altering its functions by changing the field of mechanical stress in the biomembrane [39,40].
The model of the kinks-solitons in the lipid bilayer developed corresponds to this general principle. A slight increase
in the transverse mechanical pressure on the membrane causes a change in its structure and a sharp increase in the
diffusion of gas molecules through it. The existence of kinks-solitons in a biomembrane can apparently be detected
by the nuclear magnetic resonance method [41].

Longitudinal mechanical compressive stresses prevail in the erythrocyte membranes, when they pass through
arteries and veins, which diameter is larger than erythrocytes [19,31]. There are no conditions for the kinks-solitons
formation. The membrane permeability is low for gas molecules.

On the contrary, when the erythrocyte passes through the microcapillary bed, for which the diameter is smaller
than the diameter of red blood cells, it folds and the erythrocyte membrane is affected by both transverse compression
and longitudinal mechanical tension (see Fig. 2). In addition, contractions of smooth muscle cells of microcapillaries
occur with a high frequency, leading to radial mechanical displacements of the microvessels walls [32,42,43]. There
are the conditions for the membrane to shrink to a critical value A, the kinks-solitons begin to run along the hydro-
carbon tails of phospholipids, moving gas molecules with their bends. The permeability of the erythrocyte membrane
increases sharply.

According to the developed model, the biomembrane electric field has very little effect on the kinks-solitons
appearance, since K < K. But, what else can affect the passage of the erythrocytes through capillaries on the
gas molecules transport through the membrane? The microcapillary diameter is often less than the diameter of an
erythrocyte. The erythrocyte folds into a tube and passes through the capillary. In this case, the boundary layer of
immiscible water adjacent to the membrane from the outside is almost completely stripped off the erythrocyte surface.
The total permeability for gas molecules from the erythrocyte and into the erythrocyte increases. At the same time,
a slight decrease in blood plasma pH occurs in the peri-membrane layer. Red blood cells receive additional force
pushing them along the microcapillary layer [44].
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