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Abstract

The shape of a heterogeneous bilayer membrane. itself being formed of membrane con-
stituents, and lateral and orientational distributions of constituents. are consistently related
and act together to stabilize the configuration of the membrane. As constituents have
different intrinsic shapes and properties they may energetically favor particular membrane
curvature (e.g. curvature of spherical buds or tubular buds or narrow necks). Due to
consequent accumulation of particular membrane constituents and due to direct interac-
tions between them they would more likely coalesce into rafts and raft domains in spe-
cifically curved regions that can therefore be considered curvature specific to some extent.
We call the above process that may lead to diverse functional units in the cell membrane a
curvature-induced sorting of membrane constituents.

1. INTRODUCTION

The major improvement to the description of the cellular membrane by the fluid
mosaic model [1] has been put forward by introducing lateral structural domains
in the membrane. Within the upgraded fluid mosaic model the membrane is
described as composed of constituents, that may be single molecules or
their complexes. These complexes consist of just a few molecules (e.g.
phospholipid—cholesterol complexes [2] or small protein—cholesterol-phospholipid
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complexes), or they may coalesce into larger domains (e.qg. rafts, raft domains and
calveolae) [3-6].

The lateral membrane heterogeneity in terms of co-existing lateral lipid do-
mains with different molecular composition and distinct physical properties has
been intensively studied in biological membranes [3,7-13). One of the aspects
that regards mechanisms of formation of these domains is the local membrane
curvature. As the membrane constituents are more or less free to move laterally
over the membrane surface, they would accumulate in regions of energetically
favorable local curvature while regions of unfavorable curvature would be
depleted of these constituents. At regions of higher lateral density the direct
interactions between constituents may promote separation into coexisting
domains with a distinct composition and curvature. A particular membrane cur-
vature within a structural domain can be considered its characteristic and is
closely related to the function and configuration of the included protein molecules.

Structural domains were found in spherical regions of the buds in cells
[11,13,14-19] while related processes have been observed also in multi-
component bilayer vesicles [11,15,17,19,20]. In biological cells, budding repre-
sents the first step in formation of small vesicles which are involved in transport of
molecules through cell membrane and between cell organelles [5]. Analogously,
the observed curvature-dependent domain formation in bilayer vesicles may
resuit in fission of vesicies at domain boundaries {11,13,18,21]. in some cases,
tubular shape of the membrane is preferred. Thin tubular membrane protrusions
with specific composition of the membrane may be stable also without the inner
supporting rod-like cytoskeleton [22]. For example, it was found that at subcel-
lular level (irrespective of the cell type), the membrane protein prominin is pref-
erentially localized in microvilli and other plasma membrane protrusions [7,10].
The so-called Lubrol rafts containing prominin were found to be distinct from the
cholesterol-sphingolipid (Triton resistent) rafts in the planar parts of the mem-
brane [10]. Further, the budding process involves narrowing of the neck con-
necting the daughter vesicle and the mother membrane. In the neck, there is a
large difference between the two principal membrane curvatures i.e. the curva-
ture is anisotropic. Therefore, the neck would be favored by specific membrane
constituents that become orientationally ordered in the neck [23,24].

Besides the intrinsic properties of the molecules that constitute the structural
domain, its membrane curvature and the corresponding lateral composition are
determined by nonlocal effects that derive from maximization of entropy, con-
straints upon the membranc arca and cnclosed volume and interaction of each
membrane leaflet with the surrounding solution. The nonlocal effects may drive
the membrane to a point where budding would more likely to take place
[19,20,23,25-27]. The above mechanisms may therefore result in curvature
sorting of membrane constituents [13].

The scope of this contribution is accumulation of rafts on regions of specific
curvature. We show experimental evidence on stable membrane structures of



Curvature-Induced Sorting of Bilayer Membrane Constituents 131

particular shape in connection with membrane composition and present a cor-
responding theoretical description that is based on curvature sorting of the
membrane constituents and direct interaction between constituents.

2. STABILITY OF TUBULAR MEMBRANE PROTRUSIONS

We consider a system where a tubular protrusion is formed due to some impact,
such as formation of a rod-like structure near the inner cell surface (Fig. 1). The
membrane constituents would then distribute over the membrane in such way as
to minimize their free energy. Further, the membrane constituents may undergo
orientational ordering in the plane of the membrane in those regions of the
membrane that have a nonzero difference between the two principal membrane
curvatures, which further decreases their membrane free energy. Stable struc-
ture is therefore described by the lateral and orientational distribution of mem-
brane constituents which corresponds to the minimum of their free energy.

For simplicity we assume that the membrane is composed of two species of
constituents (molecules or small complexes of molecules). One of the species is
much less abundant than the other, however, due to its strong interaction with the
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Fig. 1. Schematic illustration of curvature-induced accumulation of rafts in tubular
membrane protrusions (adapted from Ref. [32]).
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local membrane curvature, this species determines the free energy. We call
these constituents the membrane inclusions. We assume that inclusions are
intercalated into the membrane from one side only.

The membrane shape that would completely fit the inclusion is referred to as the
shape intrinsic to the inclusion. The corresponding principal curvatures are de-
noted by C,,, and C,,, [23.28.29]. A schematic presentation of examples of small
anisotropic inclusions is given in Fig. 2. In general. the local membrane shape
differs from the intrinsic shape of the inclusion. This means that the principal
curvatures of the actual shape differ from the principal curvatures of the intrinsic
shape. The corresponding single-inclusion energy due to curvature mismatch is
defined as the energy that is spent in adjusting the inclusion into the membrane
and is determined by terms composed of two invariants of the mismatch tensor
[30]. Terms up to the second order in the curvature tensor elements are taken into
account. Upon statistical averaging over all possible orientations of the inclusion
the free energy of the single inclusion can be written in the form [23,31]:

PO I ¢, - Hm_lﬂ_D) )
E = 5(H — Hm) . (0 + 0% kTIn(iU( S ENET

where . and " are the interaction constants, H = (C, + C»)/2 the mean curvature
of the membrane, H,, = (Ci, + C2)/2 the intrinsic mean curvature of the inclu-

A a0

Fig. 2. Schematic illustration of different intrinsic shapes of membrane proteins
(A.B) and of a membrane protein—lipid inclusion (C). The inclusion can have
intrinsic curvatures C,,,, and C,,, that in general differ from the intrinsic curvatures
of the molecules which compose the inclusion (adapted from Ref. [13], see also

[12]).
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sion, D = |C,—C;|/2 the membrane curvature deviator and D,,, = |Cy,,—Cy,|/2 the
intrinsic curvature deviator of the inclusion, C; and C. the principal membrane
curvatures, kKT the thermal energy and |, the modified Bessel function.

The free energy of inclusions is determined by the energies of inclusions and
their collective effects. A lattice is imagined where some of the sites are occupied
by equal and indistinguishable inclusions. Direct interactions between inclusions
are taken into account. The free energy of inclusions per site (f, = F//(Afaq)) is [32]

f,=kT/ ninnda 4 kT/M—mInM n) da+
+ E;/nz da + /nE, da, (2)

where n is the fraction of the membrane area covered by inclusions at a given
position r, A the membrane area, a, the area per inclusion, w the energy of the
nearest-neighbor interaction between inclusions [33.34], ¢ the number of the near-
est neighbors, and da the element of the normalized (relative) membrane area. The
integration is performed over the entire (normalized) area of the membrane surface
(J da = 1). The first two terms in equation (2) represent the configurational entropy
[33,34] while the third term describes the nearest-neighbor interaction energy be-
tween inclusions in the Bragg-Williams approximation [33,34].

The fraction of the membrane area covered by inclusions n varies over the
membrane surface as a function of the membrane curvature. By taking into
account the conscrvation cquation for all inclusions in the membrane: [nda = n
where n is the average value of n, a functional is constructed [32]:

/tf. +sn)da = / L(n) da. (3)
where . is the Lagrange parameter. The variation is performed by solving the

corresponding Euler equation ¢L/cn = 0 which gives the expression for the func-
tion n [32]

~ dexp(—E/kT) dw  Jexp(—E kT) @
"1+ Hexp(—E/kT) KT (1 + dexp(—E kT |’
where 7 =exp(-+). In the above expression the nonlinear terms in w are

neglected. We took ¢ = 4 for a square lattice [33]. For attractive nearest-neighbor
interactions the parameter w is negative w<0. The parameter  is determined
from the condition [ nda = A.

Since in the case considered the protrusion is formed due to the impact of the
rod-like cytoskeletal structure, the shape of the membrane is fixed. For simplicity
we consider that it is composed of two parts, a flat part with curvatures H, = D; = 0,
and relative area a; and fraction of the area covered by the inclusions ny, and a
highly curved tubular part of the membrane with curvatures H, = D, = 1/2r (where r
is the radius of tubular protrusions), relative area a, and fraction of the area covered
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by inclusions n,. The parameter . is determined numerically from the condition
mag + ma, = n, (5)

where we take into account that a;+ a, = 1 while n; and n, are obtained by using
equation (4).

Figure 3 shows the fraction of the area of the tubular membrane protrusions
covered by anisotropic inclusions n, as a function of the radius r for three values
of the intrinsic curvature deviator of the inclusions D,

It can be seen that for small r and large D,,, the fraction of the membrane area
occupied by inclusions (m,) is much larger than n, while () is smaller than n. This
indicates a possibility of the curvature-induced accumulation of the membrane
inclusions in highly curved tubular membrane regions. Because of high concen-
tration in the tubular protrusion the inclusions may coalesce into rafts and raft
domains. It can also be seen in Fig. (3) that for high enough values of the intrinsic
curvature deviator of the inclusions D,,,. the value of n, approaches unity indi-
cating a possibility of the lateral phase separation of inclusions.

Our theoretical model provides an explanation for the observed curvature
induced enrichment of raft markers in tubular membrane protrusions. Accumu-
lation of inclusions on tubular protrusion and their orientational ordering lower the
membrane free energy and therefore stabilize the tubular structure. It is therefore
expected that the tubular shape of the protrusion is stable even without the inner
rod-like structure [22]. This was confirmed in an experiment where the inner rod-
like structures of tubular protrusions of the cell membrane were disintegrated.
Membrane of the protrusions retained its tubular shape as described below.
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Fig. 3. The fraction of the area of a tubular membrane protrusion covered by
anisotropic inclusions (n,) as a function of the radius of the tube r = 1/C, for three
values of the intrinsic curvature deviator of inclusions Hy = Drm: 0.03nm ' (a),
0.04nm ' (b) and 0.05nm ' (c). The values of the other rnodel parameters are:
n=0.02 a =002 wkT=-012and : = = 5000kT nm? (adapted from Ref.
(32]).
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Cytochalasin B is a substance that disintegrates actin filaments of the cell
cytoskeleton. Consequently, microtubules segregate into rod-like structures that
exert an impact on the cell membrane. Fibroblasts treated with cytochalasin B for
30-min exhibit long flattened protrusions on a globular cell body, which are
attached to the ground (Fig. 4(1A)). Inside such protrusion, a parallel array of
microtubules can be seen in Fig. 4(1B). In cytochalasin B-treated cells with
reduced content of cholesterol in the membrane (due to growth in a medium
without cholesterol for 24 h) the protrusions are much thinner (Fig. 4(2A)), while
no rod-like structures of microtubules could be found within the protrusions
(Fig. 4(2B)). Further, no microspikes could be found on the protrusions

1B 2B

Fig. 4. In cells treated with cytochalasin B, long flattened membrane protrusions
on globular cell bodies were found attached to the ground (1A). Immunofluores-
cence labeling of tubulin showed parallel rod-like organization of microtubules in
these membrane protrusions (1B). Cytochalasin treatment of cells with mild cho-
lesterol depletion resulted in thinner and more smooth tubular membrane pro-
trusions (2A) where the rod-like microtubular structure completely disappeared
(2B). Bar = 10 um (adapted from Ref. [32]).
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(Fig. 4(2A)) in contrast to the case shown in Fig. 4(1A). In cholesterol-depleted
cells microtubules are concentrated only in the globular bodies of the cells close
to the nuclei (Fig. 4(2B)). These experiments present evidence on tubular shapes
that are stable also without the inner rod-like structures. Although the rod-like
protrusions were formed due to the impact of the inner rod-like structure, the
tubular shape was stable after the disintegration of the inner structure which is in
agreement with the theoretical predictions.

It was shown that within the standard isotropic membrane elasticity models the
stability of tubular membrane protrusions cannot be explained without an inner
supporting rod-like structure or pulling mechanical force [35-37]. However, thin
tubular membrane protrusions were found to be stabilized by anisotropic mem-
brane components [22]. We suggest that the observed stability of thin tubular
membrane protrusions without the inner supporting rod-like cytoskeleton (Fig.
4(2B)) may be a consequence of accumulation of anisotropic membrane com-
ponents in the bilayer membrane of these protrusions.

Lubrol rafts are considered to be a novel type of membrane rafts (microdomains)
that were found in tubular-shaped membrane regions and are distinct from the
cholesterol-sphingolipid (Triton resistant) rafts that were found in the planar parts
of the membrane [38]. In the presented theoretical consideration the applied value
for the interaction constant ; was chosen to describe a small protein-lipid complex
[39] and could therefore well describe the prominin—lipid complex. Small aniso-
tropic protein-lipid complexes (i.e. anisotropic membrane inclusions) may asso-
ciate into larger two-dimensional aggregates (Lubrol rafts) upon their curvature-
induced accumulation in tubular protrusions as previously observed [5,10,32]. Our
theoretical model therefore provides an explanation for the observed curvature-
induced enrichment of Lubrol raft markers in tubular membrane protrusions.

The observed stability of thin tubular membrane protrusions without the inner
supporting rod-like skeleton (Fig. 4) is in line with the assumption that prominin
inclusions (and other strongly anisotropic membrane inclusions) have an impor-
tant role in generation and stabilization of plasma membrane protrusions [10,22].
However, also in cases where there is a rod-like structure inside the tubular
protrusion [37,40], the described accumulation of anisotropic membrane inclu-
sions in tubular membrane protrusions, represents a complementary physical
mechanism for stabilization of tubular membrane protrusions [20,22,30,41].

3. STABILITY OF SPHERICAL BUD AND NECK

A stable structure of unsupported membrane is described by the membrane
shape and lateral and orientational distribution of membrane constituents that
correspond to the minimum of the membrane free energy.

Spherical budding has been simulated by generating a sequence of shapes
where a patch of the membrane due to increasing average mean curvature
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develops a neck which undergoes thinning until a limit shape involving a small
spherical bud connected to the almost flat part by infinitesimal neck is formed
[39]. We assume that the membrane is composed of two species: inclusions that
favor strongly curved isotropic curvature (H., is large and positive while
D,,; = 0), and isotropic components of the phospholipid moiety that favor flat
regions (Hm o= Dmo = 0). The membrane free energy is composed from con-
tributions of both species, f= f +f,, where f, pertains to the inclusions and f; to
the phospholipid moiety. Both contributions to the free energy are obtained by
using equation (1) and the intrinsic parameters H,,;, Dy, and g, = :J.‘ (f =1,0) that
correspond to the membrane constituents [21]. For each shape in the sequence,
the membrane free energy is minimized with respect to the distribution of inclu-
sions.

Figure 5 shows accumulation of the membrane constituents that favor high
isotropic curvature on the small bud. The fraction of the area covered by inclu-
sions increases toward the tip of the bud. As the neck becomes narrower, the
distribution approaches a step function while the free energy of inclusions lowers
the membrane free energy. The proposed mechanism is therefore relevant also
for formation and stabilization of highly curved spherical membrane shapes with
high concentrations of certain membrane constituents [16]. Figure 6 shows an
example of intensive budding of vesicles in animal cells. The “trans” side of the
Golgi apparatus is namely the origin of daughter vesicles which are directed to
the plasma membrane or to lysosomes.

The properties of the neck-shaped regions are conveniently studied on undu-
lated tubular shape. A parametric model can be used to generate such shape. It
is assumed that the shape is obtained by rotating the function [21]

nz) = Ry + u-sin(qz), (6)

around the z axis. Here r is the radial coordinate, z the coordinate along the
longitudinal axis, Ry the average radius, g the wave number of the modulation
and v its amplitude. From the constraint for the surface area per unit length (along

Fig. 5. The fraction of the membrane area covered by isotropic inclusions char-
acterized by positive H,,,, D,,; = 0 and negative w during the budding/vesiculat-
ion of the membrane and the corresponding shape of the bud (adapted from Ref.

[13)).
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Fig. 6. The budding daughter vesicles (arrow) are frequently seen on trans
cisternae of Golgi apparatus. Bar = 200 nm.

the z-axis) the parameter R, can be expressed as a function of g and u [21]
 A—2nu [;sinqzy/1+ u’q’cos?qz dz
2nu j; singz\/1 + u?q?cos?qzdz

where /is the length of the segment. The expression (6) defines the mean and the
Gaussian curvatures [21],

Ro (7)

s 1+ 1°q? + Rouq? sin qz ®
2(Ry 4 usingz)(1 + u2q?cos?qz)*’?’

and [21]

uq® sinqz

CiC = - . 31
(Ro + usingz)(1 + u?g?cos?qz)

(9)

while the curvature deviator is obtained by using the connection
D= \/H - C,Ca.

Again, we assume that the membrane is composed of two species: inclusions
and components of the phospholipid moiety, however in this case inclusions are
assumed anisotropic so that they favor a saddle-like shape with H,,; =0 and
D, #0. The membrane free energy is minimized with respect to the shape and
lateral and orientational distributions of membrane constituents. For small values
of the intrinsic curvature deviator D, the tubular shape was proved energetically
the most favorable. With increasing D, ; a certain critical value of Dy, ; is reached
where the tubular shape is changed discontinuously to an undulated shape with a
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Fig. 7. The neck region of a membrane with anisotropic inclusions and the cor-
responding fraction of the membrane covered by inclusions (shaded);
Hmi=Hmo=0, Dmo=0, Dmi=04nm' (a) and 07nm~', (b)
& =& =120kTnm?, &y = & = 12kTnm?, A= 0.02, w=-0.1, / = 100nm and
A = 2x - 4000nm? (adapted from Ref. [21]).

narrow neck (Fig. 7). Figure 7 shows a part of the calculated membrane shape for
two values of the intrinsic curvature deviator D,,; above the critical value
(Dm.iet=0.33nm™"). As can be seen in Fig. 7, the saddle-preferring anisotropic
inclusions accumulate in the energetically favorable saddle-like neck regions.
With increasing values of the intrinsic curvature deviator of anisotropic inclusions
(Dm.i), the neck becomes thinner.

The results presented in Fig. 5 and in Fig. 7 indicate that two complementary
mechanisms may take place in the budding of heterogeneous membranes con-
taining isotropic and anisotropic constituents: accumulation of saddle-preferring
membrane constituents in the neck connecting the bud and the parent membrane
[21,23] and accumulation of strongly spherically curved membrane-preferring
constituents in the spherical region of the bud (i.e. daughter vesicle) [5,13,17,42].
Figure 8 shows an increased fluorescence signal of cholera-toxin-labeled rafts on
bursts of the membrane of the human urothelial line (RT4) cell. Clustering of rafts
and membrane proteins in highly curved membrane regions (invaginations) and
vesicles has also been previously observed [13,14,43].

In some cases the tendency for formation of a very long neck connecting the
daughter vesicle and the mother membrane was observed [10,44-46]. Elongation
of the neck connecting two compartments could be viewed as a possible physical
mechanism of formation and stabilization of thin tubes that connect cells or cell
organelles. These tubes might be important in transport of matter and information
in cellular systems (Figs. 9 and 10). The results of some recent studies indicate
that the vesicular transport between cell organelles over longer distances is
not random and that it takes place between specific surface regions of the cell
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Fig. 8. A fluorescence microscope image of the budding membrane of human
urothelial line RT4 cells. Differences in the intensity of the fluorescence signal
indicate that cholera-toxin-labeled rafts accumulated on the buds. Bar = 200 nm
(for color version: see Color Section on page 422).

Fig. 9. Tubular structures with carrier vesicles as observed in cultures of human
urothelial line RT4 cells (upper, bar = 10 um), and the corresponding schematic
illustration of nanotube-directed transport of carrier vesicles (A-D) and direct
transport through nanotubes (E).
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Fig. 10. Transport vesicles (black arrow) move along thin tubes in phospholipid
vesicles. The transport vesicle is an integral part of the tube membrane.
Bar = 10 ym (adapted from Ref. [48]).

organelles [42,47]. Such organized transport may be achieved by nanotube-di-
rected transport of carrier vesicles or direct transport through nanotubes (Figs. 9
and 10) [48-51].

4. DETERGENT-INDUCED DOMAIN FORMATION AND
ERYTHROCYTE SHAPE

It was observed that addition of detergents to the suspension of erythrocytes
causes changes in the shape of erythrocyte. While the detergent molecules
intercalate into the membrane, undulations of the membrane appear. Outward
bending of the membrane leads to formation of echinocyte shape (Fig. 11), while
inward bending of the membrane leads to formation of stomatocyte shape (Fig.
12), and further, to microvesiculation of the membrane [52-55]. Echinocytosis/
stomatocytosis is determined by the species of intercalated detergent molecules.
For example, dodecaylmaltoside, dodecylzwittergent and dioctyl-di-QAS induce
echinocytosis and exovesiculation while chlorpromazine and ethyleneglycol-
ethers induce stomatocytosis and endovesiculation [52]. The spherical/tubular/
torocytic shape of the released vesicles is connected to the intrinsic shape of
inclusions generated by the intercalated detergent molecules [54] and has been
previously elaborated in detail [31]. Here, we point to the experimental evidence
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Fig. 11. A micrograph of echinocytes (adapted from Ref. [13]) (a) and the cal-
culated echinocyte shapes determined by minimization of membrane elastic en-
ergy (bending and shear) for two different choices of environment parameters
and relative cell volume 0.6 (b, c) (adapted from Refs. [53,55,65]).

e 5le

Fig. 12. Transformation of erythrocytes’' shape 0 min (A), 5min (B), 15min (C) and
30min (D) after addition of octaethyleneglycoldodecylther (C,,Eg) to the erythro-
cyte suspension. Erythrocytes first undergo a discocyte—stomatocyte transforma-
tion where the central invagination attains a flattened and sometimes twisted shape
(B. C). Later, the mother cell becomes spherical while a peculiar-shaped endo-
vesicles called torocytes appear inside the cell (adapted from Ref. [54])

on the coexistence of lateral lipid domains in erythrocyte membrane, character-
ized by different order parameters and rotational correlation times [8,56] studied
by using the ESR technique. Different detergents of the ethyleneglycol type C,,E,
were added to the suspension containing erythrocytes (Fig. 13) and allowed to
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Fig. 13. Schematic illustrations of the chemical structure of octaethyleneglycol
dodecyl;ether (C42Eg) (A) and of tetraethyleneglycol dodecylether (Cy2E4) (B).

interact with the erythrocyte membrane [9]. It is expected that the hydrophobic tail
of C,E, incorporates into the hydrophobic portion of the membrane bilayer. The
C,2Es molecule can be distinguished from the analogous C4,E4; molecule as it
has a larger hydrophilic head [57] (Fig. 13). The experimental ESR spectra of the
control erythrocytes, as well as the spectra of C,,E, treated erythrocyte samples
have been decomposed into three domain types, where the type | pertains to the
most disordered fluid domain, and type Ill to the most ordered domain. The
population proportions of the membrane domains, i.e. the relative weight factors
are given in Fig. 14. They have been evaluated using the program EPR SIM 4.0
[56], by which the experimental spectra have been fitted with the calculated
spectra for the considered domains.

The spin probe MeFASL(10,3) [58] (which is thought to distribute evenly
between the inner and the outer leaflet) may report about the effects of
the C,,E, molecules on the lateral domain distribution (domains |, Il and Ill) at
the level of the incorporated nitroxide. Figure 14 shows that C,,E, consid-
erably changes the proportions of the membrane lipid domains relative to the
control membrane, while C42Es induces much smaller changes in the propor-
tions of the domains. This may be partially due to the larger hydrophilic po-
lyethylene head group of the C,,Eg molecule that may not be pulled so deep
into the membrane as the head group of the Cy;E4; molecule. Therefore the
bound C,;E; induces a different perturbation at the level of the incorporated
nitroxide than C12E4.

The above experimental evidence indicates that detergents change domain
proportions and at the same time induce invagination and endovesiculation in
erythrocyte membrane.
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Fig. 14. The lateral domain population of the erythrocyte membrane for the con-
trol and C,,E,-treated samples. The spin probe methyl ester of 5 dioxyl palmitate
MeFASL(10,3) was used for EPR measurement. The bars indicate the standard
deviations, referring to 5 independent experiments (adapted from Ref. [9]).

5. DISCUSSION

The coupling between the formation of raft domains and local anisotropic membrane
curvature has been recently indicated in Golgi apparatus [42,47], where some of the
membrane components are concentrated mainly on the bulbous rims of the Golgi
cisternae, where the curvature deviator D is very high. Similar phenomena have
been suggested also in the photoreceptor discs [59,60] and flattened endovesicles of
erythrocyte membrane [57] indicating that the coupling between the non-homoge-
neous lateral distribution of the membrane rafts and the specific membrane shapes
may be a general mechanism of stabilization of highly curved membrane structures
(flattened disc-like vesicles, spherical buds, necks, tubular protrusions) and mem-
brane budding process and vesiculation [5,13,16,21,32,47]. The curvature-induced
segregation and enrichment of membrane components in membrane protrusions
have been discussed several times already in the past ([61] and references therein).
However, all these studies were limited to short (spheroidal) membrane protrusions
(buds) such as caveolae [13,62] or clathrin-coated buds [63]. In the present work we
point to the influence of the anisotropy of the intrinsic shape of the membrane
inclusions (described by intrinsic mean curvature H,,, and intrinsic curvature deviator
D) on accumulation of inclusions also in other (non-spherical) shapes.

The predicted membrane shape changes due to the presence of membrane
inclusions with high curvature deviator D,, [22] can among other factors be
applied to better explain the echinocyte membrane shape changes arising
from conformational changes of membrane proteins induced by ligand binding or
variation of ionic strength and pH [64]. Namely, the stable echinocyte shapes were
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previously determined by minimization of membrane bilayer energy consisting of
the bilayer bending energy, and shear and stretching energies of the membrane
skeleton [65,66]. We suggest that the echinocyte shape may be additionally mod-
ulated by nonhomogeneous lateral distribution of membrane components [13].

In the above-described theoretical consideration of the membrane budding, we
assumed that buds and released daughter vesicles are depleted of membrane
skeleton. The presence of the membrane skeleton in the budding region would
decrease the lateral mobility of the membrane constituents and thereby their ability
to sort due to membrane curvature andfor direct interactions. In addition, the
in-plane shear energy of the membrane skeleton would increase during the
budding process [67] and the calculated shapes of membrane buds would be
different from those presented in Fig. 5, especially in the vicinity of the neck region
[68].

The clustering of the membrane inclusions (raft elements) into rafts and raft
domains is promoted by direct interactions between the membrane inclusions [2].
The short-range phospholipid (and cholesterol) mediated attractive interactions
between membrane inclusions [69] may offer a possible explanation for the nature
of such interactions. Here, direct interactions between the anisotropic membrane
constituents (inclusions) are considered within the Bragg—Williams approximation.
Alternatively, they can be described by minimization of the boundary (line) tension
between membrane domains [26]. However, considering the line tension assumes
that the composition of the membrane domains is fixed in advance which is not in
accordance with some experimental observation [14] and does not describe
the process of formation of membrane domains where the composition may be
gradually changed. The nearest-neighbor interaction term may cause the lateral
phase separation (for w<0) also in the flat parts of the membrane if |w| is large
enough.
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