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Abstract

Vesiculation of red blood cells at high alkaline pH was studied experimentally and theoretically. It was observed
that the red blood cell daughter vesicles can be connected to the parent cell by thin tubes (tethers). It is shown
theoretically that the formation of tethers may be energetically favourable due to the quadrupolar ordering of the
anisotropic membrane constituents in the strong curvature field of the tethers. © 2001 Elsevier Science B.V. All rights

reserved.
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1. Introduction

The cell membrane is composed of a phospho-
lipid bilayer in which proteins are embedded. At a
given volume, the cell shape of a mature mam-
malian red blood cell, which does not contain
internal structures, is determined solely by the
properties of its membrane [1]. Red blood cell
shape transformations are therefore a convenient
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system for observation of the changes in mem-
brane features and interactions between the mem-
brane and the  surrounding  solution.
Analoguously, these features can be studied on an
even simpler system — phospholipid vesicles.
Both systems can therefore be subject to the simi-
lar general principles, although it should be taken
into account that in red blood cells, the phospho-
lipid bilayer contains embedded proteins and is
underlaid by the membrane skeleton [2].

It was observed in giant phospholipid vesicles
that after being formed, the vesicles are often
connected to each other by narrow tubular struc-
tures of different lengths [3,4]. These thin tubes
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are called tethers. It was indicated [3] that tethers
are difficult to visualise and are also very fragile
so that they may have been overlooked in biolog-
ical systems, although they could have an impor-
tant role in the function of the Golgi system and
other transport systems involving vesicles. Tethers
have been reported to occur also in red blood cells
[5,6], but visual evidence for their occurrence
seems to be lacking.

Morphological features, such as exvaginations
and invaginations can be observed in different cell
types. For example, long cylindrical protrusions,
as well as spherical exovesicles, were observed in
vesiculating cancer cells [7], where the integrity of
the cytoskeleton and its interaction with the mem-
brane were abolished.

In this work, we report on the experiment in
which we induced occurence of exovesicles by
incubating the red blood cells in high pH buffer.
We observed that the daughter vesicles were often
connected to the parent cell by tethers. We pro-
pose a possible explanation for the stability of the
tethers, based on the orientational and distribu-
tional effects of the anisotropic membrane
constituents.

2. Experiment
2.1. Material and methods

Blood was drawn from the authors by
venipuncture into heparinized tubes. The red
blood cells were washed three times in a buffer
containing Hepes 10 mM, NaCl 128 mM, KCI 3
mM (pH 7.4) and subsequently suspended in the
buffer at a cell density of 1.65 x 10° cells/ml. A
few microlitres of the red blood cell stock suspen-
sion was pipetted into Eppendorf tubes containing
100 pl of the buffer at pH ~ 12. In some samples,
dibucaine (100 uM) was added following 10—60
min incubation. Incubation was carried out at
room temperature under gentle mixing. Aliquots
of the sample were studied by phase contrast
microscopy while hanging in a drop under a cover
glass. Samples were fixed by glutaraldehyde (final
conc. 1%) before being photographed by
Nomarski interference contrast microscopy.

2.2. Experimental results

Incubation of red blood cells, originally sus-
pended in the buffer at pH 7.4, in the high pH
buffer (pH ~ 12) resulted in an echinocytogenic
shape alteration, where largely spherical cell
shapes (sphero-echinocytes) were attained. During
this process, microexovesicles were apparently
shed from the cells, as evidenced from TEM
micrographs showing microexovesicles in the sus-
pension (not shown). As incubation continued, an
additional or alternative vesiculation occured at
approximately pH 9.5 [6,8]. Small vesicles —
large enough to be visible by light microscopy —
were formed. The release of such vesicles was
accelerated by the addition of dibucaine, a
cationic phenothiazine (which is at neutral pH
stomatocytogenic). Such vesicles released from the
mother cell are shown in Fig. 1. It was observed
that these vesicles may be connected to the parent
cell by a thin tether (strand/stalk). Typically, the
vesicles connected to the parent cell with tethers
were distributed around the parent cell as in Fig.
1 and moved synchroneously with the parent cell.
Unfortunately, we did not succeed in preserving
the barely visible tether structures for light- or
electron-microscopy studies. A fragmentation of
the erythrocyte into very large vesicles often oc-
curred (Fig. 2) before the hemolytic collapse. The
large vesicle in Fig. 2 is connected to the mother
cell with a thick tether. The observed pH-induced
shape alterations and their time course depended
on factors affecting the increase of intracellular
pH, e.g. the initial pH of the incubation media
and the amount of cells added (i.e. their buffering
capacity).

3. Theory
3.1. Model

The stable (equilibrium) shape of the red blood
cell is determined by the minimum of the mem-
brane free energy. In minimization of the mem-
brane free energy it is taken into account that the
membrane area and the cell volume are kept
constant.
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We visualize the membrane as composed of a
continuum of phospholipid molecules, in which
laterally mobile proteins are embedded. Accord-
ingly, the membrane is described as an elastic
continuum decorated with inclusions. The inclu-
sion is the complex composed of the protein and
phospholipid molecules that are significantly dis-
torted in order to adjust to the shape of the
protein [9,10] or a lipid complex [11-13].

To describe the cell shape we take as the base
the bilayer couple model [14,15]. The membrane
free energy consists of the elastic energy of the
membrane continuum W, and the free energy of
the inclusions F,,

F=W,+F,,. (1)
The bending energy of the membrane W, is [16]

k[ -
szfoC— Co)? dA + kg JK da, )

where k. and ks are the membrane local and
Gaussian bending constants, respectively, C=
(Cy 4+ Cy)/2 is the mean curvature of the mem-
brane, K= C,C, is the Gaussian curvature of the

membrane, C, and C, are the principal curvatures
of the membrane, C, is the spontaneous curvature
of the membrane and dA4 is the area element of
the membrane. The integration is performed over
the membrane area 4. While the first term in Eq.
(2) determines the cell shape [1], the contribution
of the second term is constant within a given
topology of the system. In our case, the cell
membrane remains closed so that the topology of
the cell shape is unchanged upon the cell shape
transformation. Therefore the Gaussian term does
not influence the cell shape.
The free energy of the inclusions is [17]

~ 1 E+EF s
F, = — kTM; ln< - j qclo< ST ccm> dA),
3)

where T is the temperature of the system, k is the
Boltzmann constant,

q.= exp< - %—v (6 - ém)z
E+EF L A
T (|ICP+ |Cm|2)>’ 4)

Fig. 1. Vesiculation in human red blood cells. Red blood cells were incubated (20 min, room temperature) in high pH saline
(pH =~ 12) whereafter dibucaine (100 uM, 10 min) was added. Following ~ 10 min incubation the sample was fixed, applied between
object and cover glass and photographed (Nomarski interference contrast). Note the exovesicles located around the parent red blood

cells. Tethers are not visible in the figure.
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Fig. 2. Vesiculation in human red blood cells. Red blood cells were incubated in high saline pH. For photography (Nomarski
interference contrast) red blood cells were applied between object and cover glass. A large vesicle is connected to the parent cell by

a tubular structure.

I, is the modified Bessel function, £ and &* are
positive  interaction  constants, é=%(C1 —
C2)’ C_'m = %(Clm + CZm)s C'm = %(Clm - C2m)3 Cvlm
and C,,, are the principal curvatures intrinsic to
the inclusion and w is the orientation of the
inclusion with respect to the principal system of
the membrane. The inclusion is isotropic if C,, =0
while if C,,#0 the inclusion is anisotropic. All
inclusions are taken to be equal and
indistinguishable.

The free energy of the inclusion derives from
the mismatch between the local membrane shape
and the intrinsic shape of the inclusion (given by
C, Cand C,, C,, respectively and by the relative
orientation of the two principal systems w). It is
taken into account that in the equilibrium, the
function that describes the lateral distribution of
the inclusions over the membrane is an extremal
of the functional defined by the membrane free
energy and the constraint of the fixed number of
the inclusions in the membrane My [17]. There-
fore, the inclusions are in general nonhomoge-
neously distributed over the membrane area
[10,18-22]. They are accumulated at regions of
favourable curvature and depleted from the re-

gions of unfavourable curvature. If the inclusions
are anisotropic, they are also oriented according
to the local curvature field [17,23].

It was established on the basis of the bilayer
couple model [14,15,24] that the difference be-
tween the outer and the inner monolayer areas of
the red blood cell membrane (A A),

NA=2h jé da, (5)

where / is the distance between the two mono-
layer neutral areas, increases with increasing pH
[8,25-27]. To describe this process, we took, as a
base, the sequence of shapes of increasing A A
starting from an axisymmetrical pear shape and
leading to the shape composed of a spherical
mother vesicle and a spherical daughter exovesi-
cle. The shapes were obtained by the minimiza-
tion of the membrane bending energy [28-30].
Upon the increase of A4, the neck of the pear
shape becomes increasingly pronounced, however,
upon further increase of A4, the neck area dimin-
ishes so that the sequence ends with two spherical
vesicles connected by an infinitesimal neck. If the
membrane free energy of the anisotropic inclu-
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sions is calculated for such sequence of shapes
[17], it sharply decreases as the neck narrows, due
to the accumulation and orientational ordering of
the inclusions in the narrow neck [17]. Upon
further increase of AA the free energy of the
inclusions increases so that the F,(AA) curve
exhibits a sharp minimum [17].

Here, we consider a possibility that the neck
might be favourable for the given kind of inclu-
sions, so that it could be expected that upon
increase of AA from the shape corresponding to
the minimum of the membrane free energy within
the given sequence, instead of shrinking, the neck
would elongate into a tether. To determine the
equilibrium shapes in detail, the minimization of
the free energy F (Eq. (1)) with respect to the
shape would be necessary. However, qualitative
behavior of the system can be predicted also by
an approximative manner. We simulated growth
of the tether by adding to the shape correspond-
ing to the minimum of A4 a cylinder of the radius
of the neck. As the neck is narrow, the contribu-
tion of this cylinder to the membrane area and the
cell volume is negligible for relatively short tethers
that we consider in this work.

To simulate the effect of different kinds of
inclusions we calculated the membrane free en-
ergy corresponding to the minimum with respect
to the shape for different parameters C,, and |C,|.

3.2. Theoretical results

Fig. 3 shows the membrane free energy and its
contributions for the sequence of shapes with
increasing area difference. Two different kinds of
inclusions (characterized by different C,, and |C,,|
are considered: the inclusions that favour flat
regions (C,,=0 and C,, =0) and the inclusions
that favour the regions where (C,, # 0 and |C,,| #
0).

When the inclusions favour flat regions the
membrane free energy monotonously increases
with increasing area difference (Fig. 3a). The con-
tribution of the inclusions is constant, so that the
increase of the free energy is due to the increase of
the bending energy (Fig. 3a). The formation of a
tether is not favoured due to high bending energy
of the tether, therefore the sequence of the equi-

librium shapes leads to the limiting shape com-
posed of two spheres. This means that the value
of the area difference cannot be further increased
within this class of shapes.

When the inclusions favour anisotropic regions
with high curvature, the free energy of the inclu-
sions decreases as the neck forms due to orienta-
tional ordering of the anisotropic inclusions (Fig.
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Fig. 3. The relative free energy of the anistropic membrane
inclusions f,, = F,,/8nk,, the relative membrane bending en-
ergy w, = W,/8nk, and the relative membrane free energy
f=F/8nk, dependence on the relative difference between the
membrane layer areas Aa = AA/SnARsphh in the case that the
inclusions favour flat regions C,, = C,, =0 (a); and in the case
that the inclusions favour anisotropic regions that are highly
curved C_'mRSph =45, CA'mRSph =90 (b). The relative volume is
chosen v =367./V?/4%=0.95. The parameters used in calcu-
lation are MykT/8mk,=1, &= &%, ¢JKTRZ,, = 0.001, where
R.on = (A /4m)'2. The relative free energy of the inclusions is
determined only up to a constant.
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3b). If the area difference is further increased, the
shapes with the tether have lower membrane free
energy than the shapes with shrinking neck. The
decrease of the free energy of the inclusions dom-
inates the increase of the membrane bending en-
ergy (Fig. 3b). In effect, the membrane free energy
decreases with increasing length of the tether (Fig.
3b).

Our results indicate that the formation of the
tether connecting the daughter vesicle and the
parent cell may be energetically favourable due to
ordering and redistribution of the anisotropic
membrane inclusions that favour high curvature.
As there is always some amount of the anisotropic
inclusions in the membrane, the effect is always
present. Its importance for the shape is however
given in terms of the model constants. For the
values of the model parameters we took that the
total number of inclusions My is of the order of
10%; the membrane bending constant is ~ 10~ J
[30]; to estimate the constant of the interaction
between the inclusion and the surrounding mem-
brane ¢ = ¢*, we assumed that the energy cost in
distortion of a tail of a phospholipid molecule
within the inclusion would be approximately
equal as in the difference of the packing between
the bilayer and the cylindrical aggregation ge-
ometries. Such difference is of the order of (0.1-
0.5)kT per tail of the phospholipid molecule [31].
If we take that there are some ten molecules
involved in the inclusion, the energy of the inclu-
sion could reach several k7. From this it can be
estimated [17] that &/kTRZ,~10"°, where
R, ~ 3 um, corresponding to the membrane area
about 150 um? [1]. If the total number of the
inclusions is smaller, if their anisotropy is weaker
and if the width of the tether is larger, the effect
of the free energy of the anistropic inclusions is
less pronounced.

4. Discussion

To explain the shape alterations induced by
high pH in intact red blood cells, several mecha-
nisms were suggested originating form protein—
lipid bilayer and skeleton—bilayer interactions as
well as from conformational changes of the mem-

brane skeleton and membrane integral proteins
[8,27,32,33]. In this work, we suggest that orienta-
tional ordering and redistribution of the an-
isotropic membrane embedded molecules that
favour high curvature may significantly decrease
the membrane free energy when the tether begins
growing. On the basis of these results, we propose
that the formation of tethers may be energetically
favourable due to the ordering and redistribution
of the anisotropic membrane inclusions in the
strong curvature field of the tethers.

Although the principle was demonstrated for a
given kind of inclusion, it can be generalized to
more than one kind as there are many different
species of molecules embedded in the membrane.
At present, we do not have a definite answer
regarding the specification of the anisotropic in-
clusions. Integral membrane proteins were found
in tethers pulled out of a red blood cell membrane
by applying an external force [34,35]. There were
no membrane skeletal components and no band
three proteins in the tethers [35,36]. It was also
shown that red blood cell microexovesicles ob-
tained by various methods are depleted in o- and
B-spectrin, while lipid and protein composition is
different than in the mother cell [37]. The compo-
sition of the tether remains a subject of investiga-
tion [35]. However, as the membrane constituents
are generally not axisymmetric, the anisotropic
inclusion may be any such protein with adjacent
phospholipid molecules as well as a phospholipid
complex [9,10,12,13,32] that constitutes tether.

Another energy term that should be discussed is
the energy of the relative stretching of the two
membrane monolayers. The energy of the relative
stretching W, forms a quadratic function of AA
[24,38-40].

ke 2
Wr—zAhz(AA NAy)?, (6)
where k, is the membrane nonlocal bending con-
stant, and A A, is the area difference of the
unstretched monolayers. Including the energy of
the relative stretching does not affect the set of
the possible shapes obtained by the minimization
of any form of energy that includes A A4 [24,38-
40]. The membrane nonlocal bending constant k,
was measured [35], while the value of the parame-
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ter A A, has not yet been systematically deter-
mined. Nevertheless, if the value of A A4, is chosen
large enough, the minimum of the quadratic func-
tion lies far to the right from the region of A4 of
the sequence so that the sum W,+ W, may
monotonously decrease with increasing A4. How-
ever, the energy of the relative stretching does not
depend on the details of the shape, e.g. does not
distinguish between the shape with the infinitesi-
mal neck and the shape with a short tether, as
long as both shapes have the same AA. As the
membrane bending energy is lower for the se-
quence ending with two spheres connected by the
infinitesimal neck, the relative stretching can not
explain the stability of the tether.

The echinocytic shape at intermediate values of
pH is determined also by the membrane cy-
toskeleton [41-46] which is at normal conditions
attached to the membrane [47,48]. The shear en-
ergy of the membrane skeleton was shown to
influence the stable shape of the red blood cell
[41,42,44—-46]. However, the interaction between
the membrane and the skeleton is abolished at
high pH values [49,50], therefore it is assumed
that in these conditions the shear energy of the
membrane skeleton does not influence the cell
shape [8].

The importance of deviatoric bending for the
stability of the tubular necks was indicated previ-
ously [51,52]. An expression for the membrane
free energy was proposed where the free energy
density was expanded in terms of two invariants
of the curvature tensor: the mean curvature C and
the curvature deviator |C'

b

F= KzBS (C—?)z +2B,(C|— 9)2> d4, (1)

where B, and B, are the constants of the isotropic
and deviatoric bending, respectively and 4 is the
spontaneous warp [51,52]. The theory used in this
work starts from the microscopic scale and pro-
vides a clarification of the phenomena based on
the orientational ordering of the molecules within
the membrane. The deviatoric part of the free
energy density Eq. (7) can be recovered from Eq.
(3) in the case when the membrane is constantly
and strongly anisotropically curved over the entire
area. We may say that in this case the anisotropic

membrane inclusions produce spontaneous warp.
For the closed shapes that have a complex mor-
phology the free energy of the strongly an-
isotropic inclusions can not be described by
means of an integral of the free energy density Eq.
(7). We argue that for such shapes the full expres-
sion Eq. (3) should be taken into account.

The deviatoric membrane properties induced by
anisotropic membrane constituents also provide
an explanation for stable tubular structures in
other systems [23,53,54], that could not be ex-
plained by the models based on the minimization
of the membrane bending energy [55].

The erythrocyte membrane has been found to
exhibit shape fluctuations [56] which importantly
influence lateral ordering of the inclusions of
nearly flat membranes [57-60]. As our theoretical
analysis does not include the shape fluctuations,
we cannot say how the fluctuations affect order-
ing of the inclusions in tethers. The experimental
data, however, indicate that when the limit shape
is approached close enough, the fluctuations of
the cell body are diminished [61,62]. The experi-
mental data also indicate a high degree of order in
thin tubular structures. Ordering of the intramem-
braneous particles was observed in the sponta-
neously released tubular microvesicles of in vitro
aged sheep erythroctes and ghosts [63]. High in-
plane order was also found in the tubular struc-
tures made of the phospholipid 1,2-bis(tricosa-
10,12-diynoyl)-sn-glycero-3-phosphocholine [64].

In conclusion, we observed that at high pH, the
red blood cell daughter vesicles can be connected
to the parent cell by tethers. It is shown that the
formation of tethers may be energetically fa-
vourable due to the ordering of the anisotropic
membrane inclusions in the strong curvature field
of the tethers.
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