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Abstract: Cell membranes are heterogeneous in lipid composition which leads to the phase separation
with the formation of nanoscopic liquid-ordered domains, also called rafts. There are multiple cell
processes whereby the clustering of these domains into a larger one might be involved, which
is responsible for such important processes as signal transduction, polarized sorting, or immune
response. Currently, antimicrobial amphipathic peptides are considered promising antimicrobial,
antiviral, and anticancer therapeutic agents. Here, within the framework of the classical theory
of elasticity adapted for lipid membranes, we investigate how the presence of the peptides in a
phase-separated membrane influences the fusion of the domains. We show that the peptides tend
to occupy the boundaries of liquid-ordered domains and significantly increase the energy barrier
of the domain-domain fusion, which might lead to misregulation of raft clustering and adverse
consequences for normal cell processes.

Keywords: lipid membrane; theory of elasticity; liquid-ordered domain; domain interaction;
amphipathic peptide

1. Introduction

Cell plasma membranes comprise about one hundred types of different lipids [1] and
display lateral inhomogeneity resulting from in-plane phase separation [2–9]. Besides,
there is much evidence of a liquid-ordered (Lo)/liquid-disordered (Ld) phase separation in
model lipid membranes, the lipid composition of which resembles the composition of cell
plasma membranes [10–14]. The domains of the Lo phase are also often called “rafts”, as
they resemble a floating platform. A lot of functional roles of the Lo domains have been
proposed [15–17]. From experiments, it is known that various membrane proteins have a
different propensity for a particular membrane phase [18] and that this partitioning of the
proteins is important for their proper functioning [19,20].

While in model membranes the macroscopic phase separation is frequently observed,
domains in cell membranes are nanoscopic [3,5,6]. Misregulation of fusion and fission
events of such nanoscopic domains might have adverse consequences for normal cell
processes. For example, the malfunctioning of cholesterol biosynthesis as it occurs in
Smith-Lemli-Opitz syndrome [21], whereby cholesterol is substituted by its metabolic
precursor 7-dehydrocholesterol [22], is accompanied by the increase in the energy barrier
for the fusion of Lo domains [23]. Although difficult to directly observe experimentally,
raft clustering, i.e., the fusion of several nanoscale rafts to a larger one, is proposed to be
important in such processes as signal transduction [16,24,25], polarized sorting [26], and
creation of immunological synapses [27]. Experiments also show that the raft-raft fusion
is involved in neuronal polarity determination [28] and assembly of integrin signaling
complexes [29].

Currently, much attention is devoted to antimicrobial peptides as promising antibac-
terial, antiviral, and anticancer therapeutic agents [30–35]. These molecules usually have
a positive electric charge, which promotes their selectivity towards negatively charged
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outer monolayers of bacterial plasma membranes. The peptides create pores and disrupt
the membranes leading to cell lysis. Amphipathic antimicrobial peptides also have hy-
drophobic moiety, which may target them to electrically neutral membranes of eukaryotic
cells. That is why the peptides are usually tested for hemolytic activity, which is a macro-
scopically visible phenomenon. However, even if hemolysis does not occur, the peptides
might adversely affect the lateral organization of lipid membranes, which is much harder
to detect.

Previously, within the framework of the classical theory of elasticity adapted for lipid
membranes, we showed that amphipathic peptides, adsorbed on a lipid bilayer with pre-
existing phase separation, tend to accumulate at the boundaries of Lo domains [36]. The
bilayer of Lo domains has a larger hydrophobic thickness than that of the Ld surrounding
membrane [37–39]. Elastic deformations arise at the boundary of Lo domains to smooth
the step in the bilayer thickness [40–42]. This compensation of the hydrophobic mismatch
is accompanied by the appearance of regions of a non-zero local curvature even though
the membrane surface remains macroscopically flat overall [36]. Amphipathic peptides
generate a non-zero local curvature and thus should prefer the regions of the membrane,
the local curvature of which best fits the curvature induced by the peptides; such regions
naturally occur at the Lo/Ld phase boundary. This drives the adsorbed amphipathic
peptides to the boundary of Lo domains. Besides, the effective local curvature generated
by the peptides leads to the membrane-mediated pairwise repulsion between them in a
laterally homogeneous membrane [43–45]. Therefore, the presence of amphipathic peptides
at the boundaries of Lo domains can influence the energy barrier of the domain fusion.
If two domains are laterally far from each other, the elastic deformations at their edges
are independent, and their energy is additive. However, at a small distance between
the domains, these deformations overlap, leading to the membrane-mediated interaction
between the domains [23,40,46]. In this work, we explore how the presence of amphipathic
peptides at the boundaries of Lo domains affects the energy barrier of the domain-domain
fusion. Given that amphipathic peptides tend to repel each other and accumulate at
the domains’ boundaries, we can qualitatively predict that the fusion barrier should
increase in the presence of the peptides, impeding the domain-domain fusion. Quantitative
calculations do confirm this prediction.

2. Materials and Methods

We aim to explore how amphipathic peptides, embedded into the membrane with
the Ld/Lo phase separation, influence the lateral membrane-mediated interaction between
Lo domains.

We consider each monolayer of a lipid bilayer as a continuum three-dimensional elastic
medium. To parameterize the deformations, we introduce the field of unit vectors n, called
directors, which characterizes the average orientation of lipid molecules; the vectors are
directed from the hydrophilic to the hydrophobic part of the monolayer. This vector field is
defined on a special surface, called the neutral surface, where the deformations of bending
and stretching are energetically decoupled. This surface lies inside each lipid monolayer of
the membrane. As we are interested in local deformations, the lateral extent of which is
comparable with the thickness of the monolayer, we account for the deviation of directors
from the local normal to the neutral surface, N, which gives rise to the tilt deformation
mode, characterized by the tilt vector T = n

Nn −N. As lipid molecules can freely diffuse,
the lateral shear modulus is set to zero. We also take into account the deformation mode of
the lateral stretching-compression, characterized by the relative change of the area per lipid
molecule, α. Applying the classical elastic energy functional [47] to the lipid monolayer
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and integrating it over the thickness of the monolayer, we obtain the following expression
for the quadratic elastic energy density (per unit area of monolayer neutral surface) [45]:

w = 1
2 km(∇ · n− J0)

2 − 1
2 km J2

0

+ 1
2 ktT2 + kcT · (∇∇ · n) + kgr

2 (∇∇ · n)2

+ 1
2 kA(α− α0)

2 − 1
2 kAα0

2 − kc(∇α)2

+BT · ∇α + C∇α · (∇∇ · n) + σd(∆S).

(1)

where, ∇ ≡ ei∇i is the surface gradient operator, where ei is the local contravariant basis
and ∇i is the covariant derivative; J0 and α0 are spontaneous curvature and spontaneous
stretching, respectively; B, kt, kA, kgr are the moduli of bending, tilt, stretching and curva-
ture gradient, respectively; kc, A, B, C are the moduli of the corresponding coupling terms
between T,∇∇ · n, and∇α; the last term σd(∆S) accounts for the lateral tension applied to
the membrane. This energy functional is an upgraded version of the Hamm and Kozlov’s
one [48] that additionally takes into account the second-order term of the tilt-curvature
coupling T · (∇∇ · n), initially introduced by Terzi and Deserno in Ref. [49]. Besides, we
include other second-order energy contributions of stretching and curvature gradient to
make the energy functional energetically stable [45].

2.1. Elastic Moduli

To obtain quantitative results, we need to specify the values of the elastic moduli. All
energy and length values are set in units of kBT (T = 300 K) and nanometers, respectively.
We use the values of 1.3 nm and 1.8 nm for the hydrophobic thicknesses of the Ld and Lo
monolayers, respectively [37,39]. For the bending moduli, we use 20 kBT and 10 kBT for
the monolayers of the Lo and Ld phase, respectively [50–53]; spontaneous curvatures are
assumed to be zero in both phases; for the tilt modulus, we use the theoretically estimated
value of 12 kBT/nm2 [48] for both phases because this modulus should not depend on the
type of the phase [48]; for the stretching modulus, we use the value of 30 kBT/nm2 [53] for
both phases; for the rest of the moduli, we use theoretically estimated values [45] that de-
pend on the hydrophobic thickness h of the considered monolayer: kc = − kth2

6 = −3.4 kBT

and 6.5 kBT for the Ld and Lo monolayers, respectively; kgr =
kth4

20 ≈ 1.7 kBT·nm2 and
6.3 kBT·nm2 for the Ld and Lo monolayers, respectively; B = − kth

2 = −7.8 kBT/nm and

−10.8 kBT/nm for the Ld and Lo monolayers, respectively; C = kth3

8 ≈ 3.3 kBT·nm and
8.7 kBT·nm for the Ld and Lo monolayers, respectively. For the lateral tension σ, we use the
value of 0.025 kBT/nm2 [54] for both phases; the spontaneous stretching is the ratio of the
lateral tension to the stretching modulus, i.e., α0~8×10−4 in both phases.

2.2. Parameterization of the System

The elastic deformations induced by membrane inclusions or the hydrophobic thick-
ness mismatch do not exceed several nanometers [36,40,45]. This implies that it is permissi-
ble to apply the one-dimensional approach for the description of the membrane-mediated
interaction of large enough Lo domains, e.g., several tens of nanometers in diameter. In the
one-dimensional description, the boundary of the lipid domain is assumed to be an infinite
straight line and the elastic energy is given per unit length along the domain boundary. We
note, however, that even for smaller Lo domains the same description is valid, provided
that the appropriate effective length of the interaction is accurately chosen [44].

To parameterize the elastic membrane deformations, we introduce a Cartesian coordi-
nate system xyz, the z-axis of which is directed perpendicular to the lipid bilayer plane. As
we are using the one-dimensional description, the boundary of the Lo domain is a straight
line, and we direct the x-axis and y-axis perpendicular to and along this line, respectively.
Due to the translational symmetry of the system along the y-axis, all deformations depend
only on the x-coordinate, and the surface gradient operator can be replaced, within the
linear approximation, by d

dx . To denote the upper and lower monolayers, we use the indices
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“u” and “l”, respectively. We express the tilt deformation mode, which by definition is
T = n

N·n −N, as Tu = nu − d
dx Hu and Tl = nl +

d
dx Hl , where H denotes the shape of the

neutral surface (the distance from the xy-plane to the neutral surface measured along the
normal to the xy-plane). As lipid monolayers are volumetrically incompressible [55–57],
we have the following equations for the stretching α [45]: αu = − hu

2
d

dx nu − Hu
hu

+ M
hu

+ 1

and αb = − hb
2

d
dx nb +

Hb
hb
− M

hb
+ 1, where M is the shape of the membrane mid-surface. The

tension contribution to the elastic energy can be expressed, up to the quadratic order, as

d(∆S) ≈ 1
2

(
d

dx H
)2

for both monolayers. Using these expressions for the tilt field, stretch-
ing, and surface area change, we sum the energies of the upper and lower monolayers and
obtain the energy of the bilayer in terms of five functions: nu, nb, Hu, Hb, and M (per unit
length along the axis of the translational symmetry):

w = kmu
2

(
d

dx nu + Ju

)2
− kmu

2 J2
u +

kt
2

(
nu − d

dx Hu

)2

+kcu

(
nu − d

dx Hu

)
d2

dx2 nu + kgru

(
d2

dx2 nu

)2

+Ka
2

(
− hu

2 d
dx nu+2Hu−2M−2hu

2hu
− α0u

)2
− Ka

2 α2
0u

− Bu
2hu

(
nu − d

dx Hu

)(
h2

u
d2

dx2 nu + 2 d
dx Hu − 2 d

dx M
)

− kcu
4h2

u

(
h2

u
d2

dx2 nu + 2 d
dx Hu − 2 d

dx M
)2

− Cu
2hu

(
h2

u
d2

dx2 nu + 2 d
dx Hu − 2 d

dx M
)

d2

dx2 nu +
S
2

(
d

dx Hu

)2

+ kml
2

(
d

dx nl + Jl

)2
− kml

2 J2
l +

kt
2

(
nl +

d
dx Hl

)2

+kcl

(
nl +

d
dx Hl

)
d2

dx2 nl + kgrl

(
d2

dx2 nl

)2

+Ka
2

(
− hl

2 d
dx nl−2Hl+2M−2hl

2hl
− α0l

)2
− Ka

2 α2
0l

− Bl
2hl

(
nl +

d
dx Hl

)(
h2

l
d2

dx2 nl − 2 d
dx Hl + 2 d

dx M
)

− kcl
4h2

l

(
h2

l
d2

dx2 nl − 2 d
dx Hl + 2 d

dx M
)2

− Cl
2hl

(
h2

l
d2

dx2 nl − 2 d
dx Hl + 2 d

dx M
)

d2

dx2 nl +
S
2

(
d

dx Hl

)2
.

(2)

Varying this energy functional, we obtain the system of five linear Euler-Lagrange
equations for the functions ns ≡ nu + nb, Hm ≡ Hu − Hb, Hs ≡ Hu + Hb, M and
nm ≡ nu − nb. These equations are too bulky to be presented here. To solve these equations,
we substitute the values of the elastic parameters, corresponding to the upper and lower
monolayers depending on the membrane region under consideration (the Lo or Ld phase),
and obtain the general solutions in the form of a sum ∑

i
Ci exp(λix), where Ci and λi are

arbitrary and known complex constants, respectively. After adjusting the solutions to
the real space, we substitute them to the boundary conditions and obtain the values of
unknown constants Ci.

Our system consists of different regions, which represent different types of membranes:
Lo bilayer, Ld bilayer, Ld/Lo interface, and the region directly beneath the amphipathic
peptides. At the boundaries of these regions, we impose the boundary conditions corre-
sponding to the continuity of the neutral surfaces of the monolayers and director fields; at
infinity, the projection of the director field to the x-axis is assumed to be equal to zero. Am-
phipathic peptides partially embedded into the monolayer push lipid heads apart, exposing
the peptide hydrophobic and hydrophilic parts to lipid tails and heads, respectively. There-
fore, amphipathic peptides are considered as an empty region at the upper monolayer; the
width of the region is taken equal to 1.3 nm, i.e., the diameter of the α-helix. This is equiva-
lent to the elastic moduli of the upper monolayer being equal to zero at this region. We note
that the effect of the peptides on the membrane can be considered in two different ways. In
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the first (so-called “uniform”) approach, the peptides are considered as modifiers of the
elastic parameters of the membrane, such as the spontaneous curvature or bending rigidity.
This approach is most relevant on a large scale when the lipid membrane with embedded
peptides can be considered as a laterally uniform medium. Within the second (“single pep-
tide”) approach, the elastic parameters are defined by the lipid matrix and the peptides are
considered separately as objects that impose constraints in terms of boundary conditions on
the membrane deformations. The latter approach transforms to the first one when a large
approximately uniform system is considered. The effects considered in the current work
arise in nanometer scales. They are determined by local membrane perturbations induced
by each peptide and do not involve the collective effect of the peptides as a component in
the lipid-peptide mixture. Therefore, we employ the “single peptide” approach according
to which the elastic parameters of the monolayers are determined by the lipid matrix, and
peptides impose boundary conditions on the membrane deformations. The boundary
conditions for amphipathic peptides take into account the difference in the projections
of the directors at the peptides’ boundaries and the rotational degree of freedom of the
peptides along the axis of the α-helix [36]: |n2 − n1| = δ∆L√

(∆L/2)2+(hd/2)2 +
(1−δ)∆L√

(∆L/2)2+(hs/2)2

and Hu(X0 + (∆L/2)) − Hu(X0 − (∆L/2)) = ∆L (n1x + n2x)/2, where ∆L is the diam-
eter of the α-helix (1.3 nm); δ is the fraction of the peptide diameter occupying the Lo
monolayer; hd and hs are the hydrophobic thicknesses of the monolayers of the domain
and surrounding membrane, respectively; Hu is the shape of the neutral surface of the
monolayer adjacent to the peptide; X0 is the x-coordinate of the peptide’s center; n1x and
n2x are the director projections onto the x-axis at the left and right boundary of the peptide,
respectively. In the given expression for the director jump at the peptides’ boundaries, the
directors are assumed to be directed towards the center of mass of the monolayer region
occupied by the peptides if they are located in a homogeneous monolayer.

Besides, we take into account that Lo and Ld monolayers, located one above the other,
laterally repel each other due to energetically unfavorable configurations of membrane
thermal undulations [58,59]. Quantitatively, the corresponding energy density was deter-
mined experimentally [60] and estimated theoretically [58] as 0.016 kBT/nm2. We explicitly
add this energy penalty to the total elastic energy of the Ld/Lo interface.

3. Results
3.1. Structure of the Lo/Ld Interface

Let us first consider the structure of the Lo/Ld interface. Figure 1a shows the depen-
dence of the elastic energy on the relative lateral shift L between the boundaries of ordered
monolayer domains located in opposing membrane leaflets. L can be either positive or
negative, which corresponds to the positive and negative coordinate of the boundary of the
upper Lo domain, respectively. Due to the symmetry of the system, the energy is an even
function of L. The energy reaches its minimum at |L| ≈ 2.3 nm and then monotonically in-
creases. The monotonic increase primarily corresponds to the term Λ = 0.016 × L kBT/nm
arising from the energy contribution of membrane undulations at large L; the elastic energy
would be constant otherwise [58]. The membrane shape in the configurations correspond-
ing to the minimum energy is shown in the insets of Figure 1a. Figure 1b shows the lateral
distribution of the effective curvature, i.e., the director divergence, at the domain boundary
and demonstrates that a non-zero curvature arises in a narrow region in the interface
vicinity; the curvature rapidly decays far from the domain boundary.
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3.2. Interaction of Amphipathic Peptides with the Domain Boundary

Now, we add one amphipathic peptide to the system. We firstly fix the absolute
value of the relative shift of the monolayer domain boundaries at |L| = 2.3 nm, which
corresponds to the energy minimum in Figure 1a, and obtain the elastic energy for various
positions of the amphipathic peptide. The results are presented in Figure 2a. As expected,
the elastic energy is constant if the peptide is far from the boundary. However, as the
peptide approaches the boundary, the energy deviates from the constant and reaches its
global minimum when the peptide is located in the vicinity of the boundary. The energy is
minimal at the coordinate of the peptide’s right boundary equal to X0 = 4.2 nm in the case
of positive L, and X0 = 0 in the case of negative L (Figure 2b). The corresponding energy
barriers, necessary for the peptide to escape from the energy well imposed by the domain
boundaries, are 0.7 and 0.9 kBT/nm for the positive and negative L, respectively. It seems
reasonable to propose that these configurations also correspond to the global minimum of
the system, but if we allow the relative shift L to vary, thereby relaxing the elastic energy,
we find that the global minimum configuration is slightly different. In the case of positive
L, the global minimum appears at L = 0.9 nm and the coordinate of the peptide’s right
boundary equal to 2.7 nm. In the case of negative L, the optimal value of L shifts to−2.4 nm
and the optimal coordinate of the peptide’s right boundary remains at X = 0. Nevertheless,
the key point of the analysis of the peptide/domain interaction is that the peptide strongly
favors the region at the Lo/Ld phase interface.
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3.3. Membrane-Mediated Interaction of Amphipathic Peptides in a Homogeneous Membrane

If amphipathic peptides are far from each other, the membrane deformations, induced
by them, are independent. However, as the distance between the peptides decreases, the
deformations overlap, leading to the membrane-mediated interaction between the peptides.
Previously, it was shown that this interaction can be well described by a one-dimensional
approach [44]. Figure 3 shows the elastic energy profiles as a function of the distance
between the peptides in the Lo and Ld membranes.
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Although there is a small local energy well at a distance d ≈ 5 nm, peptides mainly
experience repulsion as they approach each other. The energy barrier that should be
overcome to bring the peptides into contact with each other equals 3.2 kBT/nm and
3.4 kBT/nm for the Ld and Lo membranes, respectively (Figure 3).

3.4. Membrane-Mediated Interaction of Lo Domains

If two Lo domains are located far from each other, the elastic deformations at their
boundaries are independent. At a small distance, however, the deformations overlap, which
leads to the membrane-mediated interaction between the domains [23,46]. In general, to
bring the boundaries of lipid domains into contact with each other, it is necessary to
overcome some energy barrier; hereafter, we refer to this barrier as a fusion energy barrier.
Now, we consider how the presence of amphipathic peptides, adsorbed into the membrane,
influences the height of the fusion barrier. Given that: (i) amphipathic peptides prefer to
occupy the boundary of the Lo domains; (ii) amphipathic peptides experience membrane-
mediated repulsion as they approach one another, we expect that the domain-domain
fusion barrier should increase when amphipathic peptides are added to the system. Before
doing any exact calculations, we can already estimate the magnitude of this increase.
Suppose that the number of amphipathic peptides adsorbed to the membrane is enough
to completely occupy the boundaries of the Lo domains. As the distance between two Lo
domains with amphipathic peptides at their boundaries becomes smaller, amphipathic
peptides start to repel each other (see Figure 3). To avoid this energy rise, amphipathic
peptides can increase the distance from each other but to do this they have to overcome the
energy wells ~0.7−0.9 kBT/nm deep to escape from the boundaries of the domains (shown
in Figure 2a); this depth, then, provides the required estimate of the increase of the fusion
barrier height.

Each bilayer Lo domain consists of two monolayer Lo domains, the boundaries of
which can be relatively shifted. Thus, at a fixed minimum distance between the boundaries
of two bilayer Lo domains, the system has four parameters that can vary: two relative shifts
of the boundaries of monolayer Lo domains and two coordinates of the peptides, adsorbed
at the boundary of each bilayer Lo domain. Varying the minimal distance between the
domains and optimizing the elastic energy with respect to these four parameters, we can
find the optimal trajectory of the domain-domain fusion and obtain the exact shape and
height of the fusion energy barrier. In Figure 4a, we plot the elastic energy profile as a
function of the distance D between the domains, where the energy is counted from that at
the infinite distance (D→∞). Here, the distance is defined as the minimum lateral distance
between the monolayers of the Lo phase belonging to the different bilayer Lo domains
(see the inset of Figure 4a). Firstly, we consider the interaction of the domains without
amphipathic peptides (cyan curve in Figure 4a). At a given distance, the energy does not
depend on the signs of relative shifts L of the Lo monolayer domains. The domains start
to affect each other at a distance of about 5 nm and, to come into contact with each other,
they have to overcome the energy barrier of 0.076 kBT/nm. The shape of the membrane at
D = 10 nm is shown in Figure 4b.

Let us now consider the membrane-mediated interaction of two domains with amphi-
pathic peptides adsorbed at their boundaries. Three cases are possible: the monolayers of
the Lo phase are larger in the upper leaflet (Figure 4c), the sizes of the upper and lower Lo
monolayers are different in both domains (Figure 4d), and the monolayers of the Lo phase
are larger in the lower leaflet (Figure 4e). At D→ ∞, the elastic energy of the membrane in
all these configurations is about 3.3 kBT/nm. We note that along the optimum trajectory as
D decreases, the configurations shown in Figure 4c,e always remain symmetric, i.e., the rela-
tive shifts L in both bilayer Lo domains remain equal to each other, and the peptides occupy
the same position with respect to the Lo domain boundary. Among the three possible config-
urations of the boundary (Figure 4c–e), the smallest fusion energy barrier (~0.56 kBT/nm)
corresponds to the configuration of Figure 4c, the largest one (~0.9 kBT/nm)—to the config-
uration of Figure 4e, the intermediate value (~0.73 kBT/nm)—to the configuration shown
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in Figure 4d. These values are approximately 7, 12, and 10 times larger than the fusion
energy barrier of 0.076 kBT/nm for the fusion of the domains with no peptides at their
boundaries. Overall, the optimal trajectory of the domain-domain fusion in the presence of
amphipathic peptides corresponds to the green curve of Figure 4a with the configuration of
Figure 4c, the Lo monolayers of which are larger in the lower leaflet. In plasma membranes
of eukaryotic cells, however, unsaturation per lipid is higher in the cytoplasmic leaflet than
in the exoplasmic one [1]. This implies that in living cells the exoplasmic monolayer of Lo
domains is likely to be larger than the cytoplasmic one. As amphipathic peptides usually
adsorb on the exoplasmic leaflet, among the three configurations of the domain boundary
shown in Figure 4c–e, that of Figure 4e is the most relevant biologically. This configuration
corresponds to the largest increase of the fusion energy barrier as compared to the case of
the peptide-free membrane.
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As the distance D between the domains decreases, in all possible configurations of
the Lo domains (Figure 4c–e), it is energetically favorable for the peptides to stay in the
vicinity of the boundaries of the Lo domains. However, the optimal relative shifts of Lo
monolayer domains boundaries gradually increase from 0.9 nm to 1.9 nm in the case shown
in Figure 4c, from 2.4 nm to 3.4 nm for the left domain and from 0.88 nm to 1.4 nm for the
right domain in the case shown in Figure 4d, and from 2.4 nm to 3.5 nm in the case shown
in Figure 4e. This implies that at a close distance between the domains, the elastic energy
relaxes predominantly by tuning the relative shifts of the Lo monolayer domain boundaries.
This shift gradually increases, which allows the peptides to keep a larger distance from
each other and, at the same time, still occupy the optimal positions with respect to the
boundaries, which correspond to the local minima of the elastic energy (Figure 2a).

4. Discussion

In this work, we have considered the membrane-mediated interaction of Lo domains
in the presence of amphipathic peptides embedded into the membrane. Amphipathic
peptides generate the local curvature and therefore tend to concentrate at the boundaries
of Lo domains, where it is possible to minimize the overall curvature stress of the system.
Thus, the pairwise repulsion between the peptides leads to the increase in the energy
barrier of the Lo domains fusion. The fusion energy barrier is 0.076 kBT/nm in the system
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without amphipathic peptides. The barrier increases up to 0.56 kBT/nm, 0.73 kBT/nm, or
0.9 kBT/nm, depending on the configuration of the boundaries of Lo domains. To get the
absolute values of the energy barriers, it is necessary to multiply the obtained values by
the effective interaction length of two Lo domains, which can be estimated based on the
Derjaguin approximation as 2

√
2λR [61], where λ is the characteristic decay length of the

elastic deformations and R is the domain radius. In our case, λ ≈ 1 nm and thus for the
Lo domain of radius R = 5 nm, for example, we get 0.5 kBT for the energy barrier of the
domain-domain fusion without peptides, and 3.5 kBT, 4.6 kBT, 5.7 kBT with peptides in the
different configurations of the boundaries of Lo domains as shown in Figure 4c–e. As outer
monolayers of cell membranes are enriched in saturated lipids [1], lipid domains should be
larger in the outer leaflet as compared to the cytoplasmic one. Thus, among the considered
configurations, that of Figure 4e is the most relevant physiologically; for this configuration,
the fusion energy barrier is 0.9 kBT/nm.

Amphipathic peptides are considered promising antibacterial, antiviral, and anti-
cancer therapeutic agents [30–35]. The positive charge of these molecules allows them to
selectively bind to the negatively charged membranes of bacteria or cancer cells, which
are then destroyed via the formation of pores. However, these peptides can also bind
to electrically neutral outer leaflets of plasma membranes of non-target eukaryotic cells
via hydrophobic interactions. That is why much attention is devoted to the hemolytic
activity of antimicrobial peptides. In this work, we considered another possible adverse
side effect of antimicrobial peptides, whereby the lateral organization of the membranes is
involved. The lipid composition of cell membranes is heterogeneous, which is responsi-
ble for the liquid-ordered/liquid-disordered phase separation [2–8] with nanoscopic Lo
domains floating in the Ld membrane [3,5,6]. Several processes such as signal transduc-
tion [16,24,25], polarized sorting [26], and creation of immunological synapses [27] are
proposed to be regulated by a so-called raft clustering, whereby ordered nanodomains fuse
to create one larger domain. It is known from experiments that this clustering is involved
in neuronal polarity determination [28] and assembly of integrin signaling complexes [29].
Therefore, misregulation of Lo domains fusion events might lead to undesirable adverse
side effects. Indirectly, these effects are manifested in Smith-Lemli-Opitz syndrome [21],
whereby improper cholesterol biosynthesis and its partial substitution by its metabolic
precursor significantly hinders the fusion of Lo domains [23]. Results of the present work
show that amphipathic peptides should also cause this impediment to the domain-domain
fusion. After adsorption to the membrane with pre-existing phase separation, peptides are
predicted to occupy the boundaries of Lo domains [36]. We previously showed that this
accumulation of the peptides at the boundaries of Lo domains should reduce the probability
of the formation of pores in the membrane [62]. At the same time, the pairwise repulsion
between the peptides [43] should give rise to the corresponding membrane-mediated
repulsion between Lo domains. Actually, as we have shown, the energy barrier of the
fusion of two domains with peptides adsorbed at their boundaries is 12 times larger than
the corresponding barrier for domains without peptides. Given the large involvement of
raft clustering in various cell processes, we suggest that the increase in the energy barrier
of the fusion of Lo domains might cause adverse side effects, apart from hemolytic activity,
in clinical applications of antimicrobial peptides.

While in model lipid membranes, both microscopic and nanoscopic domains are
observed [63,64], in cell membranes domains are nanoscopic [3,5,6]. It is proposed that the
main determinant of the domain size distribution is the line tension at their boundary [65].
It is entropically favorable for the system to be dispersed into numerous small domains. At
the same time, at high line tensions, it is energetically more advantageous to form a single
macroscopic domain. The experimentally determined value of the critical line tension
driving nanoscopic to macroscopic domain transition is 0.3 pN [63]. From our results, it
follows that, although amphipathic peptides increase the line tension (compare minimum
energy values in Figures 1 and 2), the ensemble of nanoscopic domains is nonetheless
stabilized due to the increased domain fusion energy barrier. Cell membranes contain a lot
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of components, other than peptides, which can also induce local curvature. We previously
showed that lipids with nonzero spontaneous curvature tend to accumulate at the boundary
of Lo domains [45]. Experimentally it was shown that one of such lipids, ganglioside GM1,
stabilizes the ensemble of nanoscopic domains [66,67]. The question, whether in cells the
curvature inducing membrane components might also contribute to the stabilization of the
size of Lo nanodomains, requires additional exploration.

Author Contributions: Conceptualization, K.V.P. and S.A.A.; methodology, K.V.P. and T.R.G.; soft-
ware, K.V.P.; validation, K.V.P., T.R.G. and S.A.A.; formal analysis, K.V.P.; investigation, K.V.P. and
S.A.A.; writing—original draft preparation, K.V.P. and S.A.A.; supervision, S.A.A.; funding ac-
quisition, K.V.P., T.R.G. and S.A.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Science and Higher Education of Russia (grant
agreement # 075-15-2020-782).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Lorent, J.H.; Levental, K.R.; Ganesan, L.; Rivera-Longsworth, G.; Sezgin, E.; Doktorova, M.; Lyman, E.; Levental, I. Plasma

membranes are asymmetric in lipid unsaturation, packing and protein shape. Nat. Chem. Biol. 2020, 16, 710. [CrossRef] [PubMed]
2. Ayuyan, A.G.; Cohen, F.S. Raft Composition at physiological temperature and ph in the absence of detergents. Biophys. J. 2008, 94,

2654–2666. [CrossRef] [PubMed]
3. Frisz, J.F.; Lou, K.; Klitzing, H.A.; Hanafin, W.P.; Lizunov, V.; Wilson, R.L.; Carpenter, K.J.; Kim, R.; Hutcheon, I.D.; Zimmerberg,

J.; et al. Direct chemical evidence for sphingolipid domains in the plasma membranes of fibroblasts. Proc. Natl. Acad. Sci. USA
2013, 110, E613–E622. [CrossRef] [PubMed]

4. Frisz, J.F.; Klitzing, H.A.; Lou, K.; Hutcheon, I.D.; Weber, P.K.; Zimmerberg, J.; Kraft, M.L. Sphingolipid domains in the plasma
membranes of fibroblasts are not enriched with cholesterol. J. Biol. Chem. 2013, 288, 16855–16861. [CrossRef]

5. Owen, D.M.; Williamson, D.; Magenau, A.; Gaus, K. Sub-resolution lipid domains exist in the plasma membrane and regulate
protein diffusion and distribution. Nat. Commun. 2012, 3, 1256. [CrossRef]

6. Nickels, J.; Chatterjee, S.; Stanley, C.; Qian, S.; Cheng, X.; Myles, D.A.A.; Standaert, R.F.; Elkins, J.G.; Katsaras, J. The in vivo
structure of biological membranes and evidence for lipid domains. PLoS Biol. 2017, 15, e2002214. [CrossRef]

7. Toulmay, A.; Prinz, W.A. Direct imaging reveals stable, micrometer-scale lipid domains that segregate proteins in live cells. J. Cell
Biol. 2013, 202, 35–44. [CrossRef]

8. Baumgart, T.; Hammond, A.T.; Sengupta, P.; Hess, S.T.; Holowka, D.A.; Baird, B.A.; Webb, W.W. Large-scale fluid/fluid phase
separation of proteins and lipids in giant plasma membrane vesicles. Proc. Natl. Acad. Sci. USA 2007, 104, 3165–3170. [CrossRef]

9. Lillemeier, B.F.; Pfeiffer, J.R.; Surviladze, Z.; Wilson, B.S.; Davis, M.M. Plasma membrane-associated proteins are clustered into
islands attached to the cytoskeleton. Proc. Natl. Acad. Sci. USA 2006, 103, 18992–18997. [CrossRef] [PubMed]

10. Dietrich, C.; Bagatolli, L.; Volovyk, Z.; Thompson, N.; Levi, M.; Jacobson, K.; Gratton, E. Lipid Rafts Reconstituted in Model
Membranes. Biophys. J. 2001, 80, 1417–1428. [CrossRef]

11. Samsonov, A.V.; Mihalyov, I.; Cohen, F.S. Characterization of Cholesterol-Sphingomyelin Domains and Their Dynamics in Bilayer
Membranes. Biophys. J. 2001, 81, 1486–1500. [CrossRef]

12. Veatch, S.; Polozov, I.; Gawrisch, K.; Keller, S. Liquid domains in vesicles investigated by nmr and fluorescence microscopy.
Biophys. J. 2004, 86, 2910–2922. [CrossRef]

13. Baumgart, T.; Hunt, G.; Farkas, E.R.; Webb, W.W.; Feigenson, G.W. Fluorescence probe partitioning between Lo/Ld phases in
lipid membranes. Biochim. Biophys. Acta (BBA)-Biomembr. 2007, 1768, 2182–2194. [CrossRef] [PubMed]

14. Staneva, G.; Puff, N.; Seigneuret, M.; Conjeaud, H.; Angelova, M.I. Segregative clustering of lo and ld membrane microdomains
induced by local ph gradients in gm1-containing giant vesicles: A lipid model for cellular polarization. Langmuir 2012, 28,
16327–16337. [CrossRef] [PubMed]

15. Simons, K.; Ikonen, E. Functional rafts in cell membranes. Nature 1997, 387, 569–572. [CrossRef]
16. Simons, K.; Toomre, D. Lipid rafts and signal transduction. Nat. Rev. Mol. Cell Biol. 2000, 1, 31–39. [CrossRef]
17. Molotkovsky, R.J.; Alexandrova, V.V.; Galimzyanov, T.R.; Jiménez-Munguía, I.; Pavlov, K.V.; Batishchev, O.V.; Akimov, S.A. Lateral

membrane heterogeneity regulates viral-induced membrane fusion during HIV entry. Int. J. Mol. Sci. 2018, 19, 1483. [CrossRef]
[PubMed]

18. Lorent, J.; Levental, I. Structural determinants of protein partitioning into ordered membrane domains and lipid rafts. Chem.
Phys. Lipids 2015, 192, 23–32. [CrossRef]

http://doi.org/10.1038/s41589-020-0564-3
http://www.ncbi.nlm.nih.gov/pubmed/32415286
http://doi.org/10.1529/biophysj.107.118596
http://www.ncbi.nlm.nih.gov/pubmed/17993486
http://doi.org/10.1073/pnas.1216585110
http://www.ncbi.nlm.nih.gov/pubmed/23359681
http://doi.org/10.1074/jbc.M113.473207
http://doi.org/10.1038/ncomms2273
http://doi.org/10.1371/journal.pbio.2002214
http://doi.org/10.1083/jcb.201301039
http://doi.org/10.1073/pnas.0611357104
http://doi.org/10.1073/pnas.0609009103
http://www.ncbi.nlm.nih.gov/pubmed/17146050
http://doi.org/10.1016/S0006-3495(01)76114-0
http://doi.org/10.1016/S0006-3495(01)75803-1
http://doi.org/10.1016/S0006-3495(04)74342-8
http://doi.org/10.1016/j.bbamem.2007.05.012
http://www.ncbi.nlm.nih.gov/pubmed/17588529
http://doi.org/10.1021/la3031107
http://www.ncbi.nlm.nih.gov/pubmed/23121205
http://doi.org/10.1038/42408
http://doi.org/10.1038/35036052
http://doi.org/10.3390/ijms19051483
http://www.ncbi.nlm.nih.gov/pubmed/29772704
http://doi.org/10.1016/j.chemphyslip.2015.07.022


Membranes 2021, 11, 797 12 of 13

19. Allen, J.A.; Halverson-Tamboli, R.A.; Rasenick, M.M. Lipid raft microdomains and neurotransmitter signalling. Nat. Rev. Neurosci.
2006, 8, 128–140. [CrossRef] [PubMed]

20. Yang, S.-T.; Kiessling, V.; Simmons, J.A.; White, J.M.; Tamm, L.K. HIV gp41–mediated membrane fusion occurs at edges of
cholesterol-rich lipid domains. Nat. Chem. Biol. 2015, 11, 424–431. [CrossRef] [PubMed]

21. Smith, D.W.; Lemli, L.; Opitz, J.M. A newly recognized syndromeof multiple congenital anomalies. J. Pediatr. 1964, 64, 210–217.
[CrossRef]

22. Porter, F.D. Smith–Lemli–Opitz syndrome: Pathogenesis, diagnosis and management. Eur. J. Hum. Genet. 2008, 16, 535–541.
[CrossRef]

23. Staneva, G.; Osipenko, D.S.; Galimzyanov, T.; Pavlov, K.V.; Akimov, S.A. Metabolic precursor of cholesterol causes formation of
chained aggregates of liquid-ordered domains. Langmuir 2016, 32, 1591–1600. [CrossRef] [PubMed]

24. Varshney, P.; Yadav, V.; Saini, N. Lipid rafts in immune signalling: Current progress and future perspective. Immunology 2016, 149,
13–24. [CrossRef]

25. Mollinedo, F.; Gajate, C. Lipid rafts as major platforms for signaling regulation in cancer. Adv. Biol. Regul. 2015, 57, 130–146.
[CrossRef]

26. Schuck, S.; Simons, K. Polarized sorting in epithelial cells: Raft clustering and the biogenesis of the apical membrane. J. Cell Sci.
2004, 117, 5955–5964. [CrossRef]

27. Levental, I.; Grzybek, M.; Simons, K. Greasing their way: Lipid modifications determine protein association with membrane rafts.
Biochemistry 2010, 49, 6305–6316. [CrossRef] [PubMed]

28. Honda, A.; Ito, Y.; Takahashi-Niki, K.; Matsushita, N.; Nozumi, M.; Tabata, H.; Takeuchi, K.; Igarashi, M. Extracellular signals
induce glycoprotein M6a clustering of lipid rafts and associated signaling molecules. J. Neurosci. 2017, 37, 4046–4064. [CrossRef]
[PubMed]

29. Altrock, E.; Muth, C.A.; Klein, G.; Spatz, J.P.; Lee-Thedieck, C. The significance of integrin ligand nanopatterning on lipid raft
clustering in hematopoietic stem cells. Biomaterials 2012, 33, 3107–3118. [CrossRef]

30. Park, S.-C.; Park, Y.; Hahm, K.-S. The role of antimicrobial peptides in preventing multidrug-resistant bacterial infections and
biofilm formation. Int. J. Mol. Sci. 2011, 12, 5971–5992. [CrossRef]

31. Tossi, A.; Sandri, L.; Giangaspero, A. Amphipathic α helical antimicrobial peptides. Biopolymers 2000, 55, 4–30. [CrossRef]
32. Guha, S.; Ghimire, J.; Wu, E.; Wimley, W.C. Mechanistic landscape of membrane-permeabilizing peptides. Chem. Rev. 2019, 119,

6040–6085. [CrossRef] [PubMed]
33. Bechinger, B.; Gorr, S.-U. Antimicrobial peptides: Mechanisms of action and resistance. J. Dent. Res. 2016, 96, 254–260. [CrossRef]
34. Oren, Z.; Shai, Y. Mode of action of linear amphipathic α-helical antimicrobial peptides. Pept. Sci. 1998, 47, 451–463. [CrossRef]
35. Epand, R.; Vogel, H.J. Diversity of antimicrobial peptides and their mechanisms of action. Biochim. Biophys. Acta (BBA)-Biomembr.

1999, 1462, 11–28. [CrossRef]
36. Pinigin, K.V.; Kondrashov, O.; Jiménez-Munguía, I.; Alexandrova, V.V.; Batishchev, O.; Galimzyanov, T.R.; Akimov, S.A. Elastic

deformations mediate interaction of the raft boundary with membrane inclusions leading to their effective lateral sorting. Sci.
Rep. 2020, 10, 4087. [CrossRef]

37. Rinia, H.A.; Snel, M.M.; van der Eerden, J.P.; de Kruijff, B. Visualizing detergent resistant domains in model membranes with
atomic force microscopy. FEBS Lett. 2001, 501, 92–96. [CrossRef]

38. Saslowsky, D.E.; Lawrence, J.; Ren, X.; Brown, D.A.; Henderson, R.M.; Edwardson, J.M. Placental alkaline phosphatase is
efficiently targeted to rafts in supported lipid bilayers. J. Biol. Chem. 2002, 277, 26966–26970. [CrossRef]

39. Risselada, H.J.; Marrink, S.J. The molecular face of lipid rafts in model membranes. Proc. Natl. Acad. Sci. USA 2008, 105,
17367–17372. [CrossRef]

40. Kuzmin, P.I.; Akimov, S.A.; Chizmadzhev, Y.A.; Zimmerberg, J.; Cohen, F.S. Line tension and interaction energies of membrane
rafts calculated from lipid splay and tilt. Biophys. J. 2005, 88, 1120–1133. [CrossRef]

41. Galimzyanov, T.R.; Molotkovsky, R.J.; Bozdaganyan, M.E.; Cohen, F.S.; Pohl, P.; Akimov, S.A. Elastic membrane deformations
govern interleaflet coupling of lipid-ordered domains. Phys. Rev. Lett. 2015, 115, 088101. [CrossRef]

42. Galimzyanov, T.R.; Molotkovsky, R.J.; Cohen, F.S.; Pohl, P.; Akimov, S.A. Galimzyanov et al. Reply. Phys. Rev. Lett. 2016, 116, 1–2.
[CrossRef] [PubMed]

43. Akimov, S.A.; Aleksandrova, V.V.; Galimzyanov, T.R.; Batishchev, F.V.; Batishchev, O.V. Interaction of amphipathic peptides
mediated by elastic membrane deformations. Biol. Membr. 2017, 34, 162–173. [CrossRef]

44. Kondrashov, O.V.; Galimzyanov, T.R.; Jiménez-Munguía, I.; Batishchev, O.V.; Akimov, S.A. Membrane-mediated interaction of
amphipathic peptides can be described by a one-dimensional approach. Phys. Rev. E 2019, 99, 022401. [CrossRef] [PubMed]

45. Pinigin, K.V.; Kuzmin, P.I.; Akimov, S.A.; Galimzyanov, T.R. Additional contributions to elastic energy of lipid membranes:
Tilt-curvature coupling and curvature gradient. Phys. Rev. E 2020, 102, 042406. [CrossRef] [PubMed]

46. Galimzyanov, T.R.; Molotkovsky, R.J.; Kheyfets, B.B.; Akimov, S.A. Energy of the interaction between membrane lipid domains
calculated from splay and tilt deformations. JETP Lett. 2013, 96, 681–686. [CrossRef]

47. Landau, L.D.; Lifshitz, E.M. Course of Theoretical Physics Vol 7: Theory and Elasticity; Pergamon Press: Oxford, UK, 1975.
48. Hamm, M.; Kozlov, M.M. Elastic energy of tilt and bending of fluid membranes. Eur. Phys. J. E 2000, 3, 323–335. [CrossRef]
49. Terzi, M.M.; Deserno, M. Novel tilt-curvature coupling in lipid membranes. J. Chem. Phys. 2017, 147, 084702. [CrossRef] [PubMed]

http://doi.org/10.1038/nrn2059
http://www.ncbi.nlm.nih.gov/pubmed/17195035
http://doi.org/10.1038/nchembio.1800
http://www.ncbi.nlm.nih.gov/pubmed/25915200
http://doi.org/10.1016/S0022-3476(64)80264-X
http://doi.org/10.1038/ejhg.2008.10
http://doi.org/10.1021/acs.langmuir.5b03990
http://www.ncbi.nlm.nih.gov/pubmed/26783730
http://doi.org/10.1111/imm.12617
http://doi.org/10.1016/j.jbior.2014.10.003
http://doi.org/10.1242/jcs.01596
http://doi.org/10.1021/bi100882y
http://www.ncbi.nlm.nih.gov/pubmed/20583817
http://doi.org/10.1523/JNEUROSCI.3319-16.2017
http://www.ncbi.nlm.nih.gov/pubmed/28275160
http://doi.org/10.1016/j.biomaterials.2012.01.002
http://doi.org/10.3390/ijms12095971
http://doi.org/10.1002/1097-0282(2000)55:1&lt;4::AID-BIP30&gt;3.0.CO;2-M
http://doi.org/10.1021/acs.chemrev.8b00520
http://www.ncbi.nlm.nih.gov/pubmed/30624911
http://doi.org/10.1177/0022034516679973
http://doi.org/10.1002/(SICI)1097-0282(1998)47:6&lt;451::AID-BIP4&gt;3.0.CO;2-F
http://doi.org/10.1016/S0005-2736(99)00198-4
http://doi.org/10.1038/s41598-020-61110-2
http://doi.org/10.1016/S0014-5793(01)02636-9
http://doi.org/10.1074/jbc.M204669200
http://doi.org/10.1073/pnas.0807527105
http://doi.org/10.1529/biophysj.104.048223
http://doi.org/10.1103/PhysRevLett.115.088101
http://doi.org/10.1103/PhysRevLett.116.079802
http://www.ncbi.nlm.nih.gov/pubmed/26943563
http://doi.org/10.1134/S1990747817030035
http://doi.org/10.1103/PhysRevE.99.022401
http://www.ncbi.nlm.nih.gov/pubmed/30934249
http://doi.org/10.1103/PhysRevE.102.042406
http://www.ncbi.nlm.nih.gov/pubmed/33212684
http://doi.org/10.1134/S0021364012220031
http://doi.org/10.1007/s101890070003
http://doi.org/10.1063/1.4990404
http://www.ncbi.nlm.nih.gov/pubmed/28863515


Membranes 2021, 11, 797 13 of 13

50. Evans, E.; Rawicz, W. Entropy-driven tension and bending elasticity in condensed-fluid membranes. Phys. Rev. Lett. 1990, 64,
2094–2097. [CrossRef]

51. Pan, J.; Tristram-Nagle, S.; Nagle, J.F. Effect of cholesterol on structural and mechanical properties of membranes depends on
lipid chain saturation. Phys. Rev. E 2009, 80, 021931. [CrossRef]

52. Baumgart, T.; Das, S.; Webb, W.W.; Jenkins, J.T. Membrane elasticity in giant vesicles with fluid phase coexistence. Biophys. J. 2005,
89, 1067–1080. [CrossRef] [PubMed]

53. Rawicz, W.; Olbrich, K.; McIntosh, T.; Needham, D.; Evans, E. Effect of chain length and unsaturation on elasticity of lipid
Bilayers. Biophys. J. 2000, 79, 328–339. [CrossRef]

54. Morris, C.; Homann, U. Cell surface area regulation and membrane tension. J. Membr. Biol. 2001, 179, 79–102. [CrossRef]
[PubMed]

55. Braganza, L.F.; Worcester, D.L. Structural changes in lipid bilayers and biological membranes caused by hydrostatic pressure.
Biochemistry 1986, 25, 7484–7488. [CrossRef]

56. Scarlata, S. Compression of lipid membranes as observed at varying membrane positions. Biophys. J. 1991, 60, 334–340. [CrossRef]
57. Terzi, M.M.; Deserno, M.; Nagle, J.F. Mechanical properties of lipid bilayers: A note on the Poisson ratio. Soft Matter 2019, 15,

9085–9092. [CrossRef]
58. Galimzyanov, T.R.; Kuzmin, P.I.; Pohl, P.; Akimov, S.A. Undulations drive domain registration from the two membrane leaflets.

Biophys. J. 2017, 112, 339–345. [CrossRef]
59. Galimzyanov, T.R.; Kalutsky, M.A.; Kondrashov, O.V.; Pinigin, K.V.; Molotkovsky, R.J.; Kuzmin, P.I.; Batishchev, O.V.; Akimov,

S.A. Normal Fluctuations of Biological Membrane Shape as a Coupling Factor for Ordered Monolayer Domains. Biol. Membr
2019, 36, 184–191. [CrossRef]

60. Blosser, M.C.; Honerkamp-Smith, A.; Han, T.; Haataja, M.; Keller, S.L. Transbilayer colocalization of lipid domains explained via
measurement of strong coupling parameters. Biophys. J. 2015, 109, 2317–2327. [CrossRef]

61. Israelachvili, J.N. Intermolecular and Surface Forces, 3rd ed.; Academic Press: Waltham, MA, USA, 2011.
62. Pinigin, K.V.; Volovik, M.V.; Batishchev, O.V.; Akimov, S.A. Interaction of Ordered Lipid Domain Boundaries and Amphipathic

Peptides Regulates Probability of Pore Formation in Membranes. Biol. Membr. 2020, 37, 337–349. [CrossRef]
63. Usery, R.D.; Enoki, T.A.; Wickramasinghe, S.; Weiner, M.; Tsai, W.-C.; Kim, M.B.; Wang, S.; Torng, T.; Ackerman, D.G.; Heberle,

F.; et al. Line tension controls liquid-disordered + liquid-ordered domain size transition in lipid bilayers. Biophys. J. 2017, 112,
1431–1443. [CrossRef] [PubMed]

64. Saitov, A.; Akimov, S.A.; Galimzyanov, T.R.; Glasnov, T.; Pohl, P. Ordered lipid domains assemble via concerted recruitment of
constituents from both membrane leaflets. Phys. Rev. Lett. 2020, 124, 108102. [CrossRef] [PubMed]

65. Frolov, V.A.J.; Chizmadzhev, Y.A.; Cohen, F.S.; Zimmerberg, J. “Entropic traps” in the kinetics of phase separation in multicompo-
nent membranes stabilize nanodomains. Biophys. J. 2006, 91, 189–205. [CrossRef]

66. Puff, N.; Watanabe, C.; Seigneuret, M.; Angelova, M.I.; Staneva, G. Lo/Ld phase coexistence modulation induced by GM1.
Biochim. Biophys. Acta (BBA)-Biomembr. 2014, 1838, 2105–2114. [CrossRef] [PubMed]

67. Galimzyanov, T.R.; Lyushnyak, A.S.; Aleksandrova, V.V.; Shilova, L.A.; Mikhalyov, I.I.; Molotkovskaya, I.M.; Akimov, S.A.;
Batishchev, O.V. Line activity of ganglioside gm1 regulates the raft size distribution in a cholesterol-dependent manner. Langmuir
2017, 33, 3517–3524. [CrossRef] [PubMed]

http://doi.org/10.1103/PhysRevLett.64.2094
http://doi.org/10.1103/PhysRevE.80.021931
http://doi.org/10.1529/biophysj.104.049692
http://www.ncbi.nlm.nih.gov/pubmed/15894634
http://doi.org/10.1016/S0006-3495(00)76295-3
http://doi.org/10.1007/s002320010040
http://www.ncbi.nlm.nih.gov/pubmed/11220366
http://doi.org/10.1021/bi00371a034
http://doi.org/10.1016/S0006-3495(91)82058-6
http://doi.org/10.1039/C9SM01290G
http://doi.org/10.1016/j.bpj.2016.12.023
http://doi.org/10.1134/S199074781903005X
http://doi.org/10.1016/j.bpj.2015.10.031
http://doi.org/10.31857/s0233475520050096
http://doi.org/10.1016/j.bpj.2017.02.033
http://www.ncbi.nlm.nih.gov/pubmed/28402885
http://doi.org/10.1103/PhysRevLett.124.108102
http://www.ncbi.nlm.nih.gov/pubmed/32216409
http://doi.org/10.1529/biophysj.105.068502
http://doi.org/10.1016/j.bbamem.2014.05.002
http://www.ncbi.nlm.nih.gov/pubmed/24835016
http://doi.org/10.1021/acs.langmuir.7b00404
http://www.ncbi.nlm.nih.gov/pubmed/28324651

	Introduction 
	Materials and Methods 
	Elastic Moduli 
	Parameterization of the System 

	Results 
	Structure of the Lo/Ld Interface 
	Interaction of Amphipathic Peptides with the Domain Boundary 
	Membrane-Mediated Interaction of Amphipathic Peptides in a Homogeneous Membrane 
	Membrane-Mediated Interaction of Lo Domains 

	Discussion 
	References

