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Abstract

Tubular budding of the erythrocyte membrane may be induced by exogenously added substances. It is shown that tubular budding may be
explained by self-assembly of anisotropic membrane nanodomains into larger domains forming nanotubular membrane protrusions. In contrast to
some previously reported theories, no direct external mechanical force is needed to explain the observed tubular budding of the bilayer membrane.

The mechanism that explains tubular budding may also be responsible for stabilization of the thin tubes that connect cells or cell organelles and
which might be important for the transport of matter and information in cellular systems. It is shown that small carrier vesicles (gondolas),
transporting enclosed material or the molecules composing their membrane, may travel over long distances along the nanotubes connecting two

cells.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Exogenously added amphiphilic substances (detergents,
peptides) bind readily into the red blood cell membrane, thereby
causing cell shape changes. According to the bilayer couple
hypothesis, the transformation of echinocyte shape is driven by
binding of the exogeneously added molecules preferentially into
the outer membrane layer (Fig. 1). When red blood cells
approach to the type III echinocytic shape, budding and
nanoexovesicle release (spherical or tubular) from the mem-
brane surface starts (Fig. 1).

It has been shown that the stability of the echinocyte shape is
primarily determined by competition between the membrane
bilayer Helfrich—Evans bending energy and the membrane
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skeleton shear energy [2]. A constitutive model for membrane
skeleton behaviour takes into account that the membrane
skeleton is locally compressible [3—5]. However, for reasons
of simplicity the membrane skeleton shear energy is usually
calculated using an approximate expression [6,2]:

Wshear = g/(;hﬁl + A-;lz - Z)dA, (1)

where the membrane skeleton is considered laterally incom-
pressible [7], u is the membrane skeleton area shear modulus,
Am 1s the principal extension ratio along the meridional direction
[6,2] and d4 is the membrane area element. The Helfrich—Evans
membrane bending energy is the sum of a local and a non-local
term [6,8—10]:

wy — ke / (QH)PAA + koA((H) — Ho)? 2)
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Fig. 1. Schematic figure of erythrocyte shape transformations due to preferential intercalation of a detergent into the outer membrane layer. At low detergent
concentrations, echinocytes of type I and II (see [1]) appear in the erythrocyte suspension, while at higher molecular concentrations, echinocytes of type III are the most
frequent. At still higher molecular concentrations, i.e. at sublytic molecular concentrations, the budding (exovesiculation) and release of spherical or tubular vesicles
start (see also [15,19], and references therein). As a result, the erythrocytes are transformed into spherocytes.

where

1
HZE(CH-Cz)» (3)
is the local mean curvature of the membrane, C; and C; are the
two principal curvatures describing the local shape of the

membrane surface (Fig. 2), (H) =~ HdA is the average

mean curvature, H is the effective spontaneous mean curvature
[11], k. is the membrane isotropic bending constant, &, is the
coefficient of nonlocal bending rigidity [6] and A is the
membrane area.

For thin and not too strongly curved bilayers the average
mean curvature (H) is proportional to the difference between
the two membrane monolayer areas (AA):

(4)

where 0 is the distance between the two monolayer neutral
surfaces. The normalized average mean curvature (h)=R,(H) is
equal to the normalized area difference Aa=AA/87dR,, where
Ry is defined as:

Ry = \/A /4. (5)

The normalized effective spontaneous mean curvature fy=
RoH, is equal to the normalized optimal area difference Aay:
ho = Aao = AA()/SR'@R(). (6)
The optimal area difference A4 is determined by the difference
in the number of molecules, differences in area per molecule
and the difference in the intrinsic molecular shapes in the outer
and the inner monolayer (see also [11,10,8], and references
therein). The normalized optimal area difference Aaq, (or
normalized spontaneous mean curvature /) therefore depends
on the excess number of detergent bound molecules in the outer

layer (N), determined with respect to the number of detergent
molecules in the inner layer of the membrane bilayer:

Aay = Aao‘ref + NSa/87'E5R(). (7)

where S, is the average area per detergent molecule and Ay er
is the value of Aa, before intercalation of the detergent starts.
As may be seen from Eq. (7), the value of Aag linearly increases
with the excess number of detergent molecules bound into the
outer layer of the membrane bilayer.

Fig. 3 shows (for illustration) the calculated erythrocyte
shapes determined by minimization of the membrane elastic
energy (bending and shear) for two different values of the
relative optimal area difference Aay. The echinocyte shape is
also additionally modulated by stretching of the membrane
skeleton [11,3] and by membrane-embedded proteins [16].
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Fig. 2. Schematic illustration of the two principal curvatures of the membrane
surface.
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Fig. 3. The calculated erythrocyte shapes determined by minimization of the
membrane elastic energy (bending and shear) for two different values of Aay:
1.038 and 6.8 and for ky/k.=8 [12], uk.=10"> m™2 [6] and a relative cell
volume of 0.6. The cell shapes are calculated as described in Bozi¢ et al. [13]
(for shape a) and Igli¢ et al. [15] (for shape b). The calculated equilibrium
difference between the two cell membrane monolayer areas Aa are 1.038 (shape
a) and 2.06 (shape b).

Fig. 4 shows the echinocyte shape transformation induced by
adding dodecyl D-maltoside containing nanovesicles to the
erythrocyte suspension. Nanovesicles were prepared separately
at a sublytic concentration of dodecyl bD-maltoside as described
in detail elsewhere [17,18]. Apparently the progressive binding
of dodecyl D-maltoside released from nanovesicles in the
membranes of erythrocytes gradually increases the optimal area
difference Aag of the erythrocyte membrane (see Eq. (7)) and
consequently induces the observed discocyte—echinocyte shape
transformation (see also Figs. 1 and 3).

(219

The spherical erythrocyte shape (spherocyte) at sublytic
concentrations of echinocytogenic detergents arises due to
reducing the size of echinocyte spicules. The spicules become
smaller mainly due to release of daughter exovesicles from the
cell surface (Fig. 1), predominantly from the echinocyte
spicules (Fig. 5A). In the past, it was believed that progressive
narrowing of echinocyte spicules due to release of the daughter
exovesicles may lead to formation of thin tubular membrane
spicules (protrusions) which are finally released from the cell
surface as a whole in the form of long tubular exovesicles [14].
However, based on the results presented in Fig. 5, it can be
concluded that tubular budding at the echinocyte spicules is the
principal source of tubular exovesicles released from the
membrane of erythrocytes.

Most of the hitherto studied echinocytogenic detergents
induce spherical budding and nanoexovesicles, while strongly
anisotropic detergent molecules (for example, dimeric deter-
gents or detergents with a dimeric head group [21,19]) were
found to induce mainly tubular buds and tubular nanoexove-
sicles (Fig. 5). The tubular budding observed does not need any
additional driving (pulling) force.

Since the spherical and tubular daughter nanovesicles
released from the erythrocyte membrane are highly depleted
in the membrane skeleton [20,22], the shape of buds/vesicles is
determined by the properties of the membrane bilayer. It is of
interest to understand the mechanisms which determine the
observed detergent-induced tubular budding of the bilayer
membrane (Fig. 5). It is generally accepted [23—25,19] that the
standard theory of isotropic membrane elasticity which [26] is

Fig. 4. Continuous discocyte—echinocyte shape transformation induced by incubation with dodecyl D-maltoside-containing nanovesicles. Erythrocytes were isolated
from a healthy donor and isolated as described in Hégerstrand et al. [18]. Washed erythrocytes were diluted 200 times in buffer. A 5-ul aliquot of the erythrocyte
suspension was added to 45 pul of 0.2 M glucose/0.2 M sucrose solution.
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Fig. 5. TEM micrograph of freeze fracture replicas showing the tubular bud on
top of an echinocyte spicule (A) (adapted from Kralj-Igli¢ et al. [19]) and a TEM
micrograph of a dried sample showing free tubular nanoexovesicles released
from the membrane (B). The radius of the tubular nanovesicles is about 40 nm.
The budding/vesiculation was induced by adding 40 uM dodecyl D-maltoside to
an erythrocyte suspension. The molecule of dodecyl p-maltoside has a dimeric
head group, therefore it is strongly anisotropic (see also panel A, Fig. 6).

based on a description of the membrane as a bilayer composed
of two compressible isotropic monolayers does not provide an
explanation for tubular budding (as observed in this work) if no
pulling force is applied [23-25,19]. Therefore, in this work, we
suggest a possible mechanism that may explain the observed
detergent-induced tubular budding of the erythrocyte mem-
brane with no pulling force required for the formation of these
structures.

Theoretical predictions

It was recently suggested that tubular budding may be
theoretically explained by the accumulation of anisotropic
membrane constituents in the tubular budding region [19].
Without the anisotropic membrane constituents, spherical
budding is always energetically favourable [23,25,19].

Based on these suggestions, in this work we propose a
possible mechanism that may explain the observed detergent-
induced tubular budding of the erythrocyte membrane. The
proposed mechanism is based on the energetically favourable
self-assembly of anisotropic membrane nanodomains into larger
domains forming nanotubular membrane protrusions. No pull-
ing force is required in the model. Here, the nanodomain
(sometimes also called raft element [18]) is defined as a very

small flexible membrane domain composed of different
membrane components ([18,27,28,29], and references therein).

Much experimental and theoretical evidence indicates the
existence of membrane micro- and nanodomains ([30,29,31—
35,18], and references therein). Considering the biological
membrane only as a mixture of different types of individual
molecules with different intrinsic shapes and without explicitly
taking into account the possibility of their self-assembly into
mixed energetically favourable membrane micro- and/or
nanodomains (which may be composed of many different
types of molecules) would overestimate the role of the
individual molecular intrinsic shape in the mechanics of
biological membranes and neglect the role of direct interactions
between the membrane constituents. For example, membrane
lipids, which comprise an impressively large number of
molecular species with different intrinsic shapes [36] (see also
Fig. 6A), may self-assemble into various micro- and nanodo-
mains with an average intrinsic shape (spontaneous curvature)
of the domain which is different from the intrinsic shapes of the
lipids constituting the domain (Fig. 7) [37]. A proper theoretical
description of the mechanics of biological membranes should
therefore also take into account the possibility that membrane
molecules may form small (energetically favourable) micro-
and nanodomains. However, because of the very large number
of different types of molecules constituting the biological
membrane [36], it would be an extremely hard task to consider
in the theoretical model simultaneously the various intrinsic
shapes of all the membrane molecules and also the different
kinds of direct interactions between them (which my lead to
energetically favourable formation of different membrane
micro- and nanodomains). Consequently, in the theoretical
approach applied in the present work, we introduce for the sake
of simplicity the concept of a flexible membrane nanodomain
which is defined as a complex of membrane molecules (lipids,
proteins). Such flexible membrane nanodomains (see also
Fig. 6B) are then considered as membrane building blocks.

In the model we assume that membrane nanodomains (Fig.
6B), as a result of their structure and local interactions
energetically prefer a local geometry that is described by the
two intrinsic principal curvatures (C, and Cyy,). The intrinsic
principal curvatures (spontaneous curvatures) (Ci,, and Cs,,)
are in general different (Cy, # Cyy,) (Fig. 6). If they are identical
(Cim=C5p), the nanodomain is called isotropic. If Cy,# Cop,
the nanodomain is called anisotropic. The orientation of the
anisotropic nanodomain is important for its energy. An
anisotropic nanodomain (Fig. 6B) will, on the average, spend
more time in the orientation that is energetically more
favourable than in any other orientation.

The predominant binding of detergent molecules in the outer
monolayer increases the optimal difference between the two
membrane monolayer areas (AA4) and thus makes the formation
of tubular membrane protrusions (which corresponds to a high
difference between the two cell membrane monolayer areas AA4)
energetically favourable. In addition it is also possible that the
detergent molecules bound in the cell membrane may induce the
formation of new nanodomains and/or increase the lateral
mobility of already existing nanodomains. The increased lateral



A

isotropic molecules

B &£ @ C.=Ch>0

anisotropic molecules

R & ? C,. =0,C,, >0
ﬁ ? C!m <0’C3m :0

' (}) C,>0,C, >0

? C,=0,C, >0

B

A. Iglic et al. / Blood Cells, Molecules, and Diseases 39 (2007) 14-23

membrane nanodomain

anisotropic: isotropic: anisotropic:
C'Im > 0 Cim s 0 Cim > 0
C,, =0 C,, =0 C,, <0

Fig. 6. Schematic representation of different intrinsic shapes of some detergent and phospholipid molecules (A) and of membrane-flexible nanodomains (B). Different
intrinsic shapes are described by the two intrinsic principal curvatures Cy,, and C,,,,.

mobility of the nanodomains may be due to the detergent-
induced changes in the skeleton—bilayer interactions, or due to
the changed physical properties of the nanodomains influenced
by the incorporated detergent molecules.

Based on experimental results which show that strongly
anisotropic detergent molecules such as dimeric detergents or
detergents with a dimeric head group (like dodecyl D-maltoside)
[21,19] induce mainly tubular buds and tubular nanoexovesicles
(Fig. 5), we assume that anisotropic detergents may induce in
the erythrocyte membrane the formation of an anisotropic
complex of molecules that forms a nanodomain (Fig. 6B).

The energy of a single anisotropic nanodomain

In this work the membrane nanodomain is considered as a
small and thin flexible shell with the area aq which can attain
various equilibrium shapes that in general do not fit into flat or
spherical shape (see also [38,41,39]) (Fig. 6B). Therefore its
intrinsic shape could be described by the two intrinsic principal
curvatures (spontaneous curvatures) C,,, and C,,, (Fig. 6B) and
by the orientation of the nanodomain in the principal system of
the actual local membrane curvature tensor C (Fig. 7).

O e D

N~

Fig. 7. The average intrinsic shape of the membrane domain may be different
from the intrinsic shapes of the molecules (lipids and proteins) which constitute
the domain (adapted from Kuypers et al. [37]).

Accordingly we define the elastic energy of a small plate-like
membrane nanodomain (Fig. 6B) with area a, as the energy of
mismatch between the actual local curvature of the membrane
(Fig. 2) and the intrinsic (spontaneous) curvature of the
nanodomain which can be characterized by the tensor
M =RC,R '—C where the tensor C describes the actual
curvature, the tensor C,, describes the intrinsic curvature of
the nanodomain (Fig. 6B), while

R [cosw },

- sinw

is the rotation matrix. The angle @ describes the orientation of
the single nanodomain with respect to the local principal axes
of the membrane (Fig. 8). In the respective principal systems
the matrices that represent curvature tensors C and C,, include
only the diagonal elements (for tensor C the elements C; and
C, and for tensor G, the elements C;, and C,,). The
principal systems of these two tensors are in general rotated in

—sinw
CcoSw

(8)

w=0,T

=0T

Fig. 8. Schematic figure of different orientations of an anisotropic nanodomain
with intrinsic principal curvatures Cy,,>0 and C5,,=0 in the curvature field of
the membrane. The shape of the membrane is cylindrical (C;>0 and C,=0).
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the tangent plane of the membrane surface by an angle w with
respect to each other.

The elastic energy of the membrane nanodomain per unit
area (w) should be a scalar quantity. Therefore each term in the
expansion of w must also be scalar [40], i.e. invariant with
respect to all transformations of the local coordinate system. In
this work, the elastic energy density w is approximated by an
expansion in powers of all independent invariants of the tensor
M of the second order in the components of M.

The trace and the determinant of the tensor are taken as the
set of invariants [41]:

K
W= o + 7‘ (TrM)* + K;DetM, (9)

where p is the minimal possible value of w, K; and K, are
constants. For the sake of simplicity ©o=0. Taking into account
the definition of the tensor M it follows from Eq. (9) that the
elastic energy of the single membrane (in general anisotropic)
nanodomain can be written as:

E =|(2Ki + K»)(H —Hp)* — K2 (D* —2DDyy cos2 —i—Dfn)}ao,

(10)

where

D=3(C - G), (11)

N —

is the membrane curvature deviator, H,,=(Cim+Csy)/2 is the
intrinsic (spontaneous) mean curvature and D, =(Cyp,— Cop)/2
is the intrinsic (spontaneous) curvature deviator and H=(C;+
C,)/2, as already defined above.

It can be seen from Eq. (10) that the material properties of an
anisotropic flexible membrane nanodomain can be expressed in
a simple way by only two intrinsic curvatures Cy,, and Cyy,.
Fig. 6B shows schematically cylindrical, flat and saddle-like
intrinsic (spontaneous) shapes of a flexible membrane
nanodomain.

The optimal values of the membrane mean curvature H=(C, +
C,)/2, the curvature deviator D=(C;—C,)/2 and the nanodo-
main orientation angle o corresponding to the minimum of the
function E for given values of H,=(Cin+Cyy)/2 and D,,=
(Cim—Com)/2 can be calculated from the necessary conditions
for the extremum of the function £ [42]:

JIE
22— 2a0(2K, + Ks)(H — Hy) = 0, (12)
JIH
JIE
— = —K»ap(2D — 2Dy, cos2w) = 0, (13)
dD
JIE
— = —4ayK,DDy, sin2m = 0, (14)

Jdw

and the sufficient conditions for the minimum of E [43]:

J’E
Pk 2a0(2K, + K») > 0, (15)

92EN\ [ 9*E 92E \2
<W>(3Dz>_<cmaz)> = —4K>a5(2K1 + K3) >0, (16)
82E azE azE aZE 2
oH? |[\op?J\de?)  \aDdw

22 CE 2 2

= 16K, 52 (DDyy cos2w — Dy, sin*2w) > 0, (17)
where

’E 9’E
‘ =0, ' (18)
JHID IHI

were taken into account. Considering only positive values of w, it
follows from Egs. (12)—(14) and (17) that the function £ has
minimal values for (see also Figs. 6 and 8):

H =Hy, D=Dp,

w=0,n 2x, (19)

where w=0 and w=27 describe the same orientation and where
[42]

K > —](2/27 K, <0. (20)

If the flexible membrane nanodomain has C,,,>0 and C,,,>0
(see Fig. 6), the energetically favourable membrane shape would
be a tubular membrane shape or a collapsed tubular membrane
shape in the form of a twisted strip, where in the latter case the
nanodomains would not be distributed at the edges of the strip
(see also [39]).

The membrane nanodomain adapts its shape in order to fit its
curvature to the actual membrane curvature (which is also
influenced by the nanodomains). Since all orientations of
nanodomain do not have the same energy (see Eq. (10) and Fig.
8), the partition function of a single nanodomain can be written
in the form:

1 [ E()
Q:w—o/o exp(—7>dw,

with @ as an arbitrary angle quantum. The free energy of the
membrane nanodomain is then obtained by the expression

f = —kTInQ.

Combining Egs. (10), (21) and (22) allows us to write the free
energy of the single flexible membrane nanodomain as (up to
the constant terms):

(21)

(22)

=K, + K2)(H — Hn) a0

(23)

2K>DDy,
— K2 (Dz + Drzn)ao — kT'ln <10 <27(l()> > .

kT
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Self-assembly of anisotropic nanodomains into tubular
membrane protrusions

In the model we consider self-assembly of N membrane
nanodomains into cylindrical membrane protrusions of equal
radius 7. The nanodomains are initially distributed in the
(nearly) flat membrane. For the sake of simplicity it is taken
that the nanodomain protrudes through both layers (see also
Fig. 6B). We also assume that the nanodomains are laterally
mobile over the membrane surface. For cylindrical protrusion,
H=D everywhere on the membrane except on the tip and at
the base of the protrusion, while in the flat regions H=D=0
(Fig. 9).

For the sake of simplicity we assume K| =~ —K,, therefore the
energy of a single nanodomain (Eq. (23)) can be written in the
form:

BT S PNC e
f—z(H Hy) +2(D + D?)

— kTln (10 <§i;D> > ,

where £E=2a,K, is the interaction constant.

Nanodomains in aggregates interact with neighbouring
nanodomains. We denote the corresponding interaction energy
per nanodomain (monomer) in the aggregate composed of i
nanodomains as x(i/) where we assume that the energy y(i)
depends on the size of the aggregate i. Hence the mean energy
per nanodomain in the cylindrical aggregate (where H=D)
composed of 1 nanodomains can be written as:

(24)

W =fe — x(i),

where f.=f(H=D) and y(i)>0. We assume that in the planar
regions of the membrane (having H=D=0) the concentration of
nanodomains is always below the critical aggregation concen-
tration and therefore the nanodomain cannot form two-
dimensional flat aggregates. The mean energy per nanodomain

(25)

— tubular aggregate

membrane
nanodomain

membrane

Fig. 9. Schematic figure of an energetically favourable self-assembly of
anisotropic membrane nanodomains (characterized by C,,>0 and C,,,=0) into
larger membrane domain forming tubular aggregate.

in the flat membrane regions is therefore ;Ll = fp, where f,=
AH=D=0).

The concentration (mole fraction) of monomeric nanodo-
mains in the flat membrane regions is

7

X1 = M’ (26)

where N 1 is the number of monomeric nanodomains in flat
regions and M is the number of (lattice) sites in the whole
system. The size distribution of cylindrical aggregate on the
scale of concentration (mole fraction) is expressed as

(27)

where N; denotes the number of cylindrical aggregates with
aggregation number 7, i.e. the number of tubular membrane
protrusions (N;) consisting of i nanodomain each. The
concentrations X; and x; should fulfil the conservation condi-
tions for the total number of nanodomains in the membrane:

%+ Y x=N/M, (28)
i=1

The free energy (F) of all nanodomains in the membrane can
thus be written as:

F :M[;Clill —l—kacl(lnfcl — 1)]

{xiui + kTﬁ (1nﬁ — 1)}
=1 ! L

+M

— uM(fc] + x,»), (29)
=1

where u is the Lagrange parameter. Minimization of F with

respect to x; and x;:

2 IF
— =0, —= i =1,2,3,...

ox1 07 8x,~ 0 L ’ 73a (30)
leads to equilibrium distributions:
X| = exp (—J%) (31)

i

= = 2

X; zeXp< T~ 1 u]) (32)

where we assumed for simplicity that x(i) is a constant. The
quantity u can be expressed from Eq. (31) and inserted in Eq.
(32) to get:

ot
i = 1|xX1exp

T (33)

Since x; can never exceed unity it follows from Eq. (33) that
when X, approaches exp[(f. —f, — ) /kT| it cannot be
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increased further. The maximal possible value of the concentra-
tion of monomeric nanodomains in flat parts of the membrane
X, is therefore:

fe=exp (Af - X), (34)

kT

where Af=f.—f, is the difference between the energy of the
single nanodomain on the cylindrical protrusion and the energy
of the nanodomain in the flat membrane region. The
concentration X, is the critical aggregation concentration [44].
In the case of cylindrical aggregates where H=D=1/2r (r is the
radius of the tubular membrane protrusion)

Af = EH(H — Hy) — kTIn[lo(EDnD/KT)]. (35)

For 1/2r> H,, the value of Af'is always negative. If X is above
Xc, the formation of a very long cylindrical protrusion(s)
composed of anisotropic membrane nanodomains is energeti-
cally favourable. It can be seen from Eq. (34) that longitudinal
growth of the cylindrical membrane protrusion is promoted by
the energy difference Af, as well as by the strength of the direct
interaction between the nanodomains y. The critical concentra-
tion X, strongly decreases with increasing D, (Fig. 10).

Discussion: Possible application of the proposed mechanism
of stability of nanotubes in cellular systems

A physical mechanism similar to that as proposed to explain
the growth and stability of the observed tubular membrane
protrusions can also be responsible for the observed tendency
for formation of a very long neck connecting a daughter vesicle
and the mother membrane [47,31,48,49]. Elongation of the neck
connecting two compartments could also play an important role
in the formation and stabilization of the thin tubes that connect

0.04

el

0.03

0.02

0.01
c
0.00 L
30 40 50 60 70 80 90 100
r [nm]

Fig. 10. Critical aggregation mole fraction (critical aggregation concentration)
for self-assembly of anisotropic membrane nanodomains into larger membrane
domains forming cylindrical aggregates calculated as a function of the radius of
cylindrical aggregates (). The intrinsic shape of the single nanodomains are
characterized by Hy, =Dy, of 0.06 nm ! (a), 0.08 nm ™' (b) and 0.1 nm ' (c). The
values of other model parameters are: £=5000kT nm? [45] and %= 1kT [46].
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Fig. 11. Tubular structures with carrier vesicles (arrows) 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—C)
and direct transport through nanotubes (D).

cells or cell organelles (Fig. 11). Such tubes might be important
in the transport of matter (Fig. 11) and information in cellular
systems.

Namely, the results of some recent studies indicate that
vesicular transport between cell organelles over longer distances
is not random and that it takes place between specific surface
regions of the cell organelles [50,45]. Such organized transport
may be achieved by nanotube-directed transport of carrier
vesicles (gondolas) (Figs. 11A—C) (see also [51]) or by direct
transport through nanotubes (Fig. 11D) (see also [51,52,53]).

The initiation of gondola formation (Fig. 11A) may be based
on similar physical mechanisms as those governing the
formation of free membrane daughter vesicles, which are
created in the processes of budding. In contrast to the latter
process, however, in gondolas the connection to the parent
membrane from which they originate is not disrupted when the
vesicle is detached from the parent membrane (Fig. 11B). The
creation of gondolas, corresponding to transient excited states,
may also be induced by a sudden tension in the membrane tubes
[54,55]. Such excited states of the membrane are relaxed after a
certain time; slight undulations are relaxed in seconds while
sphere-like blobs are relaxed in minutes [54].

Once the gondola is formed, its movement along the
nanotube (Fig. 11B) requires no additional bending energy.
Nevertheless, some process is needed to provide the energy
(required to overcome frictional forces) for the gondola to travel
along the nanotube. It is possible that the gondola movement is
driven by the difference in chemical potential between the
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molecules packed inside the gondola and the molecules in the
interior of the target cell, or the difference in chemical potential
between the molecules composing the membrane of the gondola
and the molecules in the membrane of the target cell.

The final event is the fusion of the gondola with the target
membrane. In this process, those molecules of the gondola’s
membrane which originate from the parent, nearly flat
membrane, distribute again in an almost flat (target) membrane
(Fig. 11C). This may be energetically favourable and constitutes
a part of the driving mechanism which facilitates the fusion of
the gondola with the target membrane. Prior to the fusion of the
gondola with the target cell membrane, no neck formation is
needed when a gondola is attached to the target membrane,
contrary to the case of a free transport vesicle, since in the
former case the neck is already formed, i.e. the neck is a part of
the nanotube connecting the gondola to the membrane of the
target cell. It can therefore be concluded that the transport of
material in gondolas (or the transport of molecules composing
the membrane of gondolas) may be energetically advantageous
over free vesicle transport.

Conclusion

In this work we suggest a possible mechanism that may
explain the observed detergent-induced tubular budding of the
erythrocyte membrane. The proposed mechanism is based on
the energetically favourable self-assembly of anisotropic
membrane nanodomains into larger membrane domains form-
ing nanotubular membrane protrusions.

The described mechanism of growth and stability of tubular
membrane protrusions may also be relevant for formation and
stabilization of thin tubes that connect cells or cell organelles
and might be important in intracellular and intercellular
transport and communication. Since the nanotubes are difficult
to visualize and are also very fragile, the proposed mechanism
of directed vesicle transport may in the past have been
overlooked in biological systems, but it could be expected
that in the future it will receive more attention due to its vital
importance.
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