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Abstract—The lateral distribution of integral and peripheral proteins, as well as lipids in the plasma mem-
branes of mammalian cells is extremely heterogeneous. It is believed that various lipid-protein domains are
formed in membranes. Domains enriched in sphingomyelin and cholesterol are called rafts. It is assumed that
the distribution of proteins into rafts is largely related to the presence in their primary sequence of a specific
amino acid region called the CRAC motif, which is responsible for cholesterol binding. In this work, the
interaction of two peptides containing CRAC motifs in their structure with membranes of different compo-
sitions was studied by means of molecular dynamics. It has been shown that the average number of lipid mol-
ecules in contact with each peptide is proportional to the mole fraction of lipid in the membrane. The pre-
dominant interaction of peptides with cholesterol was not observed. In addition, cholesterol did not form
long-lived contacts with any amino acid or amino acid sequence. We suppose that in some cases the predom-
inant lateral distribution of peptides and proteins containing CRAC motifs into rafts may be due to amphip-
athicity of the CRAC motif rather than due to specific strong binding of cholesterol.
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INTRODUCTION
Lateral distribution of integral and peripheral pro-

teins in plasma membranes is extremely heteroge-
neous [1, 2]. It has been shown that various proteins
form clusters of 10–200 nm in size [1]. There are at
least two non-overlapping types of such clusters, dif-
fering in the composition of the proteins that form
them [3]. In other words, some of the membrane pro-
teins are always located in clusters of the first type, and
the other part is always in clusters of the second type,
and the proteins that form the first type of clusters are
almost never co-localized with the proteins that form
the second type of clusters. When cell membranes are
treated with a soft non-ionic detergent in low concen-
tration at a low temperature (∼4°C) and subsequently
centrifuged, membrane proteins are separated into
two fractions corresponding to two types of clusters
[4]. In addition to the difference in protein composi-
tion, the fractions also differ in lipid content: sphingo-
myelin is almost completely distributed into the low-
density fraction, while the high-density fraction is
enriched in unsaturated lipids [3, 4]. Cholesterol,
according to different data, is distributed either almost
evenly between the fractions [3, 5] or has some prefer-
ence for the low-density fraction [4]. It is assumed that
protein clusters in plasma membranes are actually

lipid-protein domains, the compositions of which
approximately coincide with the compositions of the
fractions obtained by centrifugation; the domains
enriched with sphingomyelin and cholesterol are
called rafts [6]. The great interest in the study of rafts
is conditioned by that they are involved in processes
catalyzed by membrane proteins, and the presence of
a raft environment is critical for the proper functioning
of proteins [2, 7, 8].

The small size of the domains significantly compli-
cates their study in cell membranes. In model purely
lipid membranes, the composition of which is close to
the composition of the outer monolayer of plasma
membranes, phase separation could be induced by
decreasing temperature. The separation results in the
formation of micron-sized domains that can be stud-
ied by various experimental methods, including opti-
cal [3, 5, 9–12]. Similar to rafts, such domains are also
relatively resistant to detergent action and are enriched
in sphingomyelin and cholesterol; they are used as a
model of cellular rafts [5, 13]. In model membranes, it
was found that the lipid in the domains is in a liquid-
ordered (Lo) state, while the surrounding membrane is
in a liquid-disordered (Ld) state [10–12]. Due to the
difference in ordering, the thickness of the domain
bilayer is greater than the thickness of the surrounding
120
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membrane [13]. Domains are characterized by rela-
tively high elastic moduli [14], and the diffusion coef-
ficient is lowered in them [10].

Clustering of various proteins and lipids in a lim-
ited area of the plasma membrane is necessary for the
normal course of vital cellular processes, in particular,
membrane fusion and fission [15, 16], the transmis-
sion of cellular signals [17, 18], etc. In addition to nor-
mal physiological processes, such an organization of
lipid-protein platforms is a key stage in pathological
processes: the assembly of new viral particles on the
membranes of a cell infected with enveloped viruses. It
has been shown experimentally that the lipid compo-
sition of the membrane of influenza and immunodefi-
ciency viruses practically coincides with the lipid com-
position of the raft phase of the cell membrane [19]. It
is assumed that the assembly of new virions occurs on
the domains of the liquid-ordered phase, into which
viral membrane proteins should be predominantly dis-
tributed. Thus, these proteins should have a pro-
nounced affinity for rafts.

A number of studies suggest that the affinity of var-
ious proteins for cholesterol-rich plasma membrane
domains can be provided by the presence in their
structure of specific sequences of amino acid residues,
presumably “recognizing” and binding cholesterol
[20], called “CRAC”—cholesterol recognition amino
acid consensus [21]. CRAC motifs are described by the
general formula -L/V-(X)(1–5)-Y/W-(X)(1–5)-R/K-,
where (X)(1–5) denotes from one to five residues of
arbitrary amino acids, symbol “/” means “or”. Such
sequences have been found in the primary structure of
various proteins distributed into the raft phase of cell
membranes, including caveolin, membrane receptors
[20, 22], as well as a fusion protein (hemagglutinin)
[23] and matrix protein (M1) of influenza virus [24].
In [25], it was shown that synthetic CRAC-containing
peptides corresponding to the 3rd, 6th, and 13th α-heli-
ces of M1 protein, to varying degrees modulate the cho-
lesterol-dependent interaction of cultured IC-21 macro-
phages with 2-μm particles. In similar experiments, it
was found that peptide RTKLWEMLVELGNMDKA-
VKLWRKLKR-NH2 containing two CRAC motifs
from the 3rd and 6th α-helices of M1 protein, signifi-
cantly affects the activity of macrophages IC-21 in a
complex manner [26].

In [20] it was suggested that along with post-trans-
lational lipidation of proteins, the presence of amino
acid sequences in their structure that bind certain lipid
components can determine the distribution of proteins
into membrane domains enriched with such compo-
nents. The CRAC motif was considered as such an
amino acid sequence by the example of caveolin-1 and
caveolin-2, for which it was shown that palmitoylation
is not a necessary condition for their distribution into
caveolae, whose membrane is in a raft state [2]. At the
same time, caveolin-3 does not contain CRAC motifs;
nevertheless, it is distributed into rafts, apparently due
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
to post-translational palmitoylation [20]. Based on the
experimental data obtained in [23], a hypothesis was
put forward about the essential role of the CRAC
motif in the distribution of hemagglutinin, a fusion
protein of influenza virus, into the liquid-ordered
phase of the membrane. However, the experimentally
observed “contrast” in the distribution of cholesterol
over the plasma membrane is, as a rule, significantly
lower than that of proteins associated with rafts [3, 27].
At the same time, the cellular domains of the liquid-
ordered phase are significantly enriched in sphingo-
myelin. This suggests that CRAC motifs may also
interact with sphingomyelin, or the specific interac-
tion of CRAC motifs with cholesterol may depend on
the presence of sphingomyelin or other lipids. As far as
we know, these assumptions have not been systemati-
cally tested.

In the present work, the interaction of peptides
containing CRAC motifs in their structure with lipid
molecules in membranes of various compositions was
studied by molecular dynamics (MD) methods. The
modeling performed did not allow us to reveal an
increased affinity for cholesterol in the studied pep-
tides, regardless of the presence of sphingomyelin in
the system. In all cases, 1–2 cholesterol molecules
interacted with peptides, which corresponded to the
average concentration of this lipid in the system. Sim-
ilar results were obtained for the interaction of pep-
tides with sphingomyelin. The study of the localization
of cholesterol interacting with the peptide also failed to
reveal stable binding sites: cholesterol interacted with
residues oriented into the membrane and did not form
long-lived complexes with the peptide. The results
obtained allow us to conclude that the presence of
CRAC motif in the structure of a peptide by itself is
not a universal criterion for strong specific binding of
cholesterol by this peptide.

MATERIALS AND METHODS

The regions of the third and sixth amphipathic helices
of the matrix protein M1 of influenza virus were used as
test peptides: peptide p1 = LEVLMEWLKTR, peptide
p2 = NNMDKAVKLYRKLKR (amino acids forming
the CRAC motif are shown in bold), first described in
[25] as peptides containing CRAC motives and char-
acterized by their effect on cholesterol-dependent par-
ticle binding by macrophages IC-21. For each of these
peptides, MD simulations of a length of 10 μs were
carried out in the presence of lipid bilayers of the fol-
lowing compositions: (1) dioleoylphosphatidylcholine
(DOPC), 200 lipids, system designation—DOPC;
(2) DOPC/cholesterol (Chol), 180 DOPC molecules,
20 cholesterol molecules, system designation—
DOPC/Chol; (3) DOPC/dipalmitoylsphingomyelin
(DPSM), 180 DOPC molecules, 20 dipalmitoylsphingo-
myelin molecules, system designation—DOPC/DPSM;
(4) DOPC/DPSM/Chol, 160 DOPC molecules,
EMBRANE AND CELL BIOLOGY  Vol. 15  No. 2  2021
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20 DPSM molecules, 20 Chol molecules, system des-
ignation—DOPC/DPSM/Chol.

The affinity of peptides to various lipids was stud-
ied by the molecular dynamics method in a coarse-
grained approximation. The calculations were carried
out using the Gromacs 2016.3 program in the marti-
ni2.2P force field for calculations with polarized water
[28]. For the calculations, we used NVidia GeForce
GTX 1080 video cards (AsusTek Computer Inc., Tai-
wan), which allow calculating approximately 0.5 μs of
the trajectory per day. For the system of each compo-
sition, one trajectory of a length of 10 μs was calcu-
lated. Molecular topologies of lipids (DOPC, DPSM,
Chol) were taken from the available lipid database
[29]. MD simulations were performed at a constant
temperature (295 K) maintained using the Nose–
Hoover thermostat [30, 31]. During the calculation,
the pressure was maintained (semi-isotropic tuning
scheme) using the Parinello–Raman barostat [32, 33].
The integration step in the MD process was 10 fs.
When taking into account long-range interactions, we
used the parameters recommended for the selected
force field: van der Waals interactions—the shift
scheme with radii 0.9/1.2 nm, electrostatic interac-
tions—the shift scheme with radii 0.0/1.2 nm. The
duration of the calculated trajectories was 10 μs. Elec-
trostatic interactions were calculated using the dielec-
tric constant of the membrane medium ε = 2.5. The
systems under study consisted of 200 lipid molecules
and approximately 20000 water molecules. At the first
stage, calculations of the equilibrium states of bilayers
were carried out. In the starting configuration of each
monolayer, lipids were randomly distributed on a two-
dimensional grid with a step of 0.8 nm. Two assembled
monolayers were combined into a bilayer so that the
distance between model particles, including phospho-
rus atoms, of different monolayers along the normal to
the bilayer was 3.4 nm. Water was added to the result-
ing system. The model system was balanced for 100 ns.
At the second stage, a peptide was added to the aque-
ous part of the system. After the initial equilibration of
the system, at which the energy was minimized during
100 ns at constant pressure (semi-isotropic tuning
scheme) using the Berendsen barostat [34], the main
calculation of the MD was started.

The interaction of peptides with lipids was assessed
by registering peptide-lipid contacts. It was assumed
that the lipid interacts with the peptide if the distance
between the peptide and lipid grains does not exceed
the specified cutoff of 0.6 nm. Such contacts were ana-
lyzed for each state obtained in the course of MD with
a step of 0.1 ns. The data obtained were displayed in
two versions. In the first case, the total number of lipid
molecules of each type interacting with the peptide
was displayed. In the second case, maps of the inten-
sity of contacts of amino acid residues of the peptide
with cholesterol were constructed. These maps should
show the areas with which cholesterol interacts over
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long periods of time, thus allowing determining cho-
lesterol binding sites.

RESULTS AND DISCUSSION
Figure 1 illustrates the dependence of the number

of DOPC (Figs. 1a–1d), DPSM (Figs. 1c, 1d), and
cholesterol (Figs. 1b, 1d) molecules in contact with
the peptide p1 on the MD time. It can be seen that the
average number of contacting molecules is stabilized
already after approximately 1 μs of the dynamics (Fig. 1c)
and remains practically unchanged until the end of the
calculated trajectory. The jump in the number of con-
tacts of the peptide with lipids at t ≈ 1 μs in Fig. 1c is
due to the fact that the peptide was initially placed in
the water near the membrane; when the peptide is
inserted into the membrane at time moment t ≈ 1 μs,
the number of peptide–lipid contacts increases
sharply. All lipid molecules were distributed over the
membrane almost homogeneously and did not form
long-lived clusters among themselves (data not
shown). The average number of DPSM and Chol
molecules in contact with the peptide approximately
corresponds to the concentration (mole fraction) of
these lipids in the membrane. Indeed, in a single-
component membrane made of pure DOPC, on aver-
age, there are 10 molecules in contact with the peptide
(Fig. 1a). In membranes made of the DOPC/DPSM
and DOPC/Chol, the mole fraction of DPSM and
Chol is 100% × 20/(180 + 20) = 10%. In these sys-
tems, on average, 10 molecules also contact the pep-
tide, of which 9 are DOPC molecules and 1 DPSM
(Fig. 1c) or Chol (Fig. 1b) molecule, in accordance
with the mole fractions of these lipids. In a membrane
of composition DOPC/DPSM/Chol 160/20/20, the
mole fraction of DPSM and Chol is 10% each, and the
mole fraction of DOPC is 80%. Accordingly, in this
system, on average, only 10 molecules are in contact
with the p1 peptide, of which 8 molecules are DOPC,
1 molecule is DPSM, and 1 molecule is Chol (Fig. 1d).
From the data obtained, it can be concluded that all mod-
eled systems (DOPC; DOPC/Chol; DOPC/DPSM;
DOPC/DPSM/Chol) are ideal in the sense that the p1
peptide does not have preferred (attraction) or unde-
sirable (repulsion) interactions with any lipid. All con-
tacts of the peptide with lipids are random, and their
probability is proportional to the lipid mole fraction. If
the peptide binds cholesterol to some extent, then the
average number of contacts of the peptide with choles-
terol should exceed the number of contacts propor-
tional to the mole fraction of cholesterol in the mem-
brane, provided that all lipids are approximately uni-
formly distributed laterally. For example, in the
limiting case of a very strong long-lived bond of the
peptide with one cholesterol molecule, the number of
contacts should on average be approximately one
more than in the case of an ideal system.

Figure 2 shows the similar time dependence of the
number of contacting lipid molecules: DOPC
EMBRANE AND CELL BIOLOGY  Vol. 15  No. 2  2021
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Fig. 1. Dependence of the number of lipid molecules in contact with peptide p1 on time in the membranes of the composition:
(a) DOPC; (b) DOPC/Chol; (c) DOPC/DPSM; (d) DOPC/DPSM/Chol. The dependence of the number of DOPC molecules
in contact with the peptide is shown in black; Chol, in red; DPSM, in blue.
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(Figs. 2a–2d), DPSM (Figs. 2c, 2d), Chol (Figs. 2b, 2d)
in membranes of different compositions. The jump in the
number of contacts of the peptide with lipids at t ≈ 0.5 μs
in Fig. 2a and t ≈ 3 μs in Fig. 2c is because the peptide
was initially placed into the water near the membrane;
the incorporation of the peptide into the membrane
occurred at time moments t ≈ 0.5 μs and t ≈ 3 μs,
respectively, and the number of peptide-lipid contacts
with the basic lipid (DOPC) increased sharply. Pep-
tide p2 is larger (consists of more amino acid residues)
than peptide p1; accordingly, in a membrane made of
pure DOPC, on average, about 12 DOPC molecules
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are in contact with the peptide p2 (compare Figs. 2a
and 1a). As in the case of the peptide p1, the simulated
systems “membrane + peptide p2” are ideal in the
sense that the average number of lipid molecules in
contact with the peptide is proportional to their mole
fraction. Indeed, in the membrane of the composition
DOPC/Chol 180/20, the mole fraction of cholesterol
is 10%; in such a membrane, the p2 peptide contacts,
on average, approximately 11 DOPC molecules and 1
cholesterol molecule (Fig. 2b). In the DOPC/DPSM
180/20 membrane, the mole fraction of DPSM is also
10%, and the p2 peptide is in contact on average with
EMBRANE AND CELL BIOLOGY  Vol. 15  No. 2  2021
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Fig. 2. Dependence of the number of lipid molecules in contact with peptide p2 on time in the membranes of the composition:
(a) DOPC; (b) DOPC/Chol; (c) DOPC/DPSM; (d) DOPC/DPSM/Chol. The dependence of the number of DOPC molecules
in contact with the peptide is shown in black; Chol, in red; DPSM, in blue.
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about 11 DOPC molecules and 1 DPSM molecule

(Fig. 2c).

In the DOPC/DPSM/Chol 160/20/20 mem-

brane, the mole fractions of the components are 80,

10, and 10% for DOPC, DPSM, Chol, respectively. In

this case, about 10 DOPC molecules, 1 DPSM mole-

cule, and 1 cholesterol molecule are in contact with

the p2 peptide on average, in proportion to the mole

fraction of each lipid component in the membrane

(Fig. 2d). Thus, the peptide p2 has neither preferred

(attraction) nor undesirable (repulsion) interactions

with any of the lipids.
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Figure 3 shows diagrams of the time dependence of

cholesterol contacts with amino acid residues of pep-

tides p1 (Figs. 3a, 3b) and p2 (Figs. 3c, 3d) in mem-

branes of compositions DOPC/Chol (Figs. 3a, 3c)

and DOPC/DPSM/Chol (Figs. 3b, 3d). The contact

of any amino acid residue with cholesterol at a given

time moment is indicated by a vertical gray stripe on

the diagrams, the absence of contact is indicated by a

vertical white stripe.

Figure 3 shows that cholesterol interacts predomi-

nantly with hydrophobic amino acid residues oriented

towards the membrane interior. In this case, none of
EMBRANE AND CELL BIOLOGY  Vol. 15  No. 2  2021
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Fig. 3. Diagrams of the time dependence of cholesterol contacts with amino acid residues of peptides p1 (a, b) and p2 (c, d) in
membranes of composition DOPC/Chol (a, c) and DOPC/DPSM/Chol (b, d). The contact of an amino acid residue with cho-
lesterol at a given time moment is indicated by a vertical gray stripe in the diagrams, the absence of the contact is indicated by a
vertical white stripe.
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the peptides has stable cholesterol binding sites and

does not form long-lived complexes with cholesterol.

From the fact that the characteristic time of continu-

ous presence of a cholesterol molecule near specific

amino acid residues of peptides is relatively short (<0.4 μs,

see Fig. 3), and the average number of cholesterol

molecules in contact with peptides is proportional to

the mole fraction of cholesterol, it can be concluded
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that the interactions of peptide-cholesterol are ran-
dom. From the obtained MD results, it follows that
the presence of CRAC motif in the peptide structure is
not a sufficient condition for peptide’s preferential
interaction with cholesterol.

How membrane proteins are sorted between the Lo

and Ld phases of the membrane is currently not fully

understood. In a number of works [35–40], the lateral
EMBRANE AND CELL BIOLOGY  Vol. 15  No. 2  2021
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distribution of the LAT (Linker for Activation of
T-cells) transmembrane protein and its various deriv-
atives and mutants are systematically studied. It is
found [39] that the preference for the ordered or disor-
dered phase by transmembrane proteins is determined
by three features of their chemical structure: (1) post-
translational modification of proteins (attachment of
palmitic or myristic acid residues) increases the distribu-
tion coefficient in the Lo phase; (2) so-called accessible

surface area of the transmembrane domain (TMD) of a
protein, which is determined by the volume of its con-
stituent amino acids and correlates with the TMD
diameter (a smaller diameter promotes distribution
into the Lo phase); (3) TMD length—an increase in

length by one amino acid relatively increases the dis-
tribution coefficient into the Lo phase by about 5%

[40]. It is shown that such changes in the TMD protein
structure lead to approximately additive changes in the
distribution coefficient of proteins between membrane
phases. By molecular dynamics methods, it is demon-
strated that LAT has a strong preference for the Lo/Ld

interface [38]. The calculated dependencies of the
energy (potential of mean force) on the position of the
transmembrane protein relative to the interface are in
good agreement with the analogous dependencies of
the energy obtained by methods of the continuum the-
ory of elasticity [41, 42]. However, the data of works
[35–40] do not allow explaining the distribution of
peripheral proteins between membrane phases.

The chemical structure of CRAC motifs is deter-
mined by the general formula: -L/V-(X)(1–5)-Y/W-
(X)(1–5)-R/K-, where (X)(1–5) denotes from one to
five residues of any amino acids, the symbol “/”
means “or”. Thus, any CRAC motif is amphipathic,
since it contains simultaneously charged (R/K), aro-
matic (Y/W), and hydrophobic (L/V) amino acid res-
idues. In [41, 42], the predominant distribution of var-
ious membrane inclusions between the bulk Lo and Ld

phases and the interface is theoretically studied. It is
shown that the predominant distribution into the
region of the Lo/Ld interface is characteristic for (i) all

lipid inclusions, the monolayer of which has a non-
zero spontaneous curvature; (ii) all peripheral mem-
brane inclusions, both amphipathic and predomi-
nantly hydrophobic; (iii) transmembrane inclusions
that have a non-cylindrical shape, for example,
“hourglass” or “barrel”. The distribution of such
membrane inclusions to the domain boundary always
leads to a decrease in the boundary energy. Only lipid
inclusions, monolayers of which have approximately
zero spontaneous curvature, had no preference for the
interface. Besides, cylindrical transmembrane inclu-
sions, the length of which approximately coincided
with the thickness of the lipid bilayer of the corre-
sponding phase, preferred to be distributed into the
bulk Lo or Ld phase [41]. Thus, basing on the results of

[41, 42], any peripheral peptide including an amphip-
athic CRAC motif should have a strong preference for
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES A: M
the Lo/Ld interface. For this, the peptide does not

need to bind cholesterol, since the driving force of lat-
eral redistribution is the interaction of peptide-
induced membrane deformations caused by the
amphipathic nature of the peptide and membrane
deformations occurring at the Lo/Ld interface [42, 43].

In the transmembrane peptide, apparently, there
should be a tendency to the location of the CRAC
motif near the outer (polar) boundaries of the mem-
brane, since the motif includes positively charged
amino acids (R/K). The characteristic amino acids of
the CRAC motifs are quite bulky. The presence of
bulky amino acids in the composition of the trans-
membrane region near the membrane surfaces can
provide an effective “hourglass” shape of the trans-
membrane peptide: a large volume near the hydro-
philic surfaces of the membrane and a small one in the
area of the intermonolayer surface. According to the
results of work [41], the optimal position of the trans-
membrane peptide, which has an effective “hourglass”
shape, is near the boundary of the Lo and Ld phases.

It should be noted that all raft-dependent processes
are automatically cholesterol-dependent, but the
opposite is not true. According to theoretical results of
works [41, 42], amphipathic peptides should be pre-
dominantly distributed to the raft boundary, change
the boundary energy, and affect the properties of the
raft ensemble. However, the amphipathic nature of the
peptide is not a sufficient condition for its effect on
cholesterol-dependent processes. It was shown in [26]
that a peptide obtained by combining peptides p1 and

p2 has a strong and complex effect on the cholesterol-

dependent activity of cells. When aromatic amino
acids in two CRAC motifs are replaced with serine, the
effect of the peptide practically disappears [44],
although the replacement of aromatic amino acids
with serine does not change the amphipathic proper-
ties of the peptide.

In [45], the interaction with membranes of differ-
ent composition of two peptides containing CRAC
motifs is studied; the peptides are parts of leukotoxin
LtxA. The study is carried out by methods of all-atom
molecular dynamics. A comparative analysis of the
binding of peptides and changes in their secondary
structure with membranes consisting of pure dimyris-
toylphosphatidylcholine (DMPC) and a mixture of
DMPC/Chol 60 : 40 are carried out. It is shown that
both peptides are embedded deeper into membranes
of the composition DMPC/Chol 60 : 40 than into
membranes from pure DMPC. Upon insertion, the
secondary structure of peptides changes, and these
changes are also more pronounced in the membranes
of composition DMPC/Chol 60 : 40. However, in this
work, the binding (number of contacts) of CRAC
motifs with cholesterol is not directly analyzed. In
principle, at least partially, the observed effects can be
explained by a change in the integral properties of the
membrane upon addition of cholesterol, rather than
EMBRANE AND CELL BIOLOGY  Vol. 15  No. 2  2021
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by the specific interaction of CRAC motifs with cho-
lesterol. The incorporation of an amphipathic peptide
into the membrane inevitably leads to its deformation.
The energy of the resulting deformations, in turn,
should affect the efficiency of incorporation and, pos-
sibly, the final conformation of the peptide. For exam-
ple, in the limiting case of a very rigid membrane, the
deformation energy can be so great that the peptide
cannot incorporate into the membrane at all. It is
known that cholesterol affects the thickness and bend-
ing rigidity of the membrane, as well as the sponta-
neous curvature of its monolayers [13, 14, 46–48].
These parameters determine the energy of deforma-
tions occurring near the amphipathic peptide embed-
ded into the membrane, and, thus, can influence the
depth of incorporation. In this case, the interaction of
the CRAC containing peptide with the membrane can
be determined by membrane’s integral properties,
rather than by the efficiency or specificity of binding of
the peptide to cholesterol; however, it is not a trivial
task to reliably distinguish between these two mecha-
nisms.

In [49], sites of preferential interaction with choles-
terol of the serotonin receptor are analyzed using the
coarse-grained MD method. There are seven trans-
membrane regions and three CRAC motifs in the
structure of the receptor. It is found that cholesterol
interacts to a comparable extent with all transmem-
brane helices of the receptor, and even the identified
sites of preferential interaction contact with choles-
terol molecules for a time comparable to the time of
occupation of other regions of the transmembrane
helices. In this case, cholesterol repeatedly binds
(comes into contact) with such sites and dissociates
from them during the calculated MD trajectory. An
increased time of contact with cholesterol is mani-
fested in only one of three CRAC motifs, and this time
was not the maximum one among the identified sites
of preferential interaction with cholesterol. The char-
acteristic time of interaction of transmembrane helices
with palmitoyleoylphosphatidylcholine (POPC) in
the membrane of composition POPC/Chol 50 : 50
turned out to be comparable with the time of interac-
tion with cholesterol, and the binding of a particular
site with POPC did not exclude its simultaneous bind-
ing with cholesterol. Thus, it is shown that the selec-
tivity of the identified sites of predominant interaction
with cholesterol is quite low.

In [50], the interaction with the membranes of the
serotonin receptor is modeled using the coarse-
grained MD methods. 41 sites of preferential contacts
with cholesterol are found, of which only two belong
to CRAC motifs. The number of contacts of each site
with cholesterol correlated with its steric availability
for cholesterol, i.e., with the degree of site immersion
into the hydrophobic part of the membrane and its
orientation. For one of the two sites belonging to
CRAC motifs, the selectivity for cholesterol binding is
quite low.
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Thus, from the results of our calculations and avail-
able literature data, we can conclude that the presence
of CRAC motif in a primary structure of protein or
peptide is not a universal criterion for its preferential
interaction or binding with cholesterol: CRAC con-
taining peptides or protein regions can either bind or
not bind cholesterol; in addition, cholesterol can also
bind to peptides or protein regions not containing
CRAC motifs [45, 49, 50]. The predominant distribu-
tion of proteins containing CRAC motifs in their
structure into the liquid-ordered phase of the mem-
brane or on its boundary can be determined by the
amphipathic nature of this amino acid sequence,
which provides a certain molecular geometry of pep-
tides [35–40]. The strong interaction of peptides con-
taining CRAC motifs with membranes containing
cholesterol, in addition to the specific interaction of
the CRAC motif with cholesterol, can also be
explained by the strong influence of cholesterol on the
integral physicochemical properties of the membrane,
on which the character of interactions of the peptide
with the membrane depends [41, 42, 51].
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