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We observed that amphiphile-induced microexovesicles may be spherical or cylin-

drical, depending on the species of the added amphiphile. The spherical microex-
ovesicle corresponds to an extreme local difference between the two monolayer
areas of the membrane segment with a fixed area, while the cylindrical microex-

ovesicle corresponds to an extreme local area difference if the area of the budding
segment is increased due to lateral influx of anisotropic membrane constituents.
Protein analysis showed that both types of vesicles are highly depleted in the mem-
brane skeleton. It is suggested that a partial detachment of the skeleton in the
budding region is favoured due to accumulated skeleton shear deformations in this
region.
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1. INTRODUCTION

A variety of treatments with water-soluble amphiphilic compounds can induce
a release of exovesicles from human red blood cells (RBCs)B#aékofer et al.
(1987, Hagerstrand and Isomaa (19B9The shape of these vesicles is usually
spherical but is also sometimes cylindricdigerstrand and Isomaa, 199& was
found that RBC vesicles are usually depleted in major components of the mem-
brane skeletonAllan et al.,, 1976 Wagneret al., 1986 Hagerstrand and Isomaa,
1994 Knowleset al.,, 1997. This depletion may be due to a disruption of the skele-
ton (Kozlov et al., 199Q or its detachment from the membrane prior to vesiculation
(Liu et al, 1989 Igli€ et al., 1995 Knowleset al., 1997 Bobrowska-Hgerstrand
et al, 1999. In addition, the RBC microexovesicles may be depleted in the skele-
ton if the budding region is located above the gap in the skeleton net&odtdyv
et al., 199Q Saxton, 199

The redistributions of other membrane components, i.e., membrane lipids and
integral membrane proteins, during the vesiculation procalan et al., 1976
Discheret al., 1994 Hagerstrand and Isomaa, 19%nowleset al, 1997 may
play an important role in stabilization of the microexovesicle shapgogvsky,

1993 Kralj-Igli € et al., 1996 Seifert, 1997 Kralj-Igli € et al., 1999.

The features observed in vesiculation of RBCs may be also relevant for under-
standing the vesiculation processes in some other cells and orgahégadret
al., 1989. Itis therefore of great interest to understand the mechanism taking place
in RBC membrane budding and vesiculation involving also the skeleton depletion
in RBC microexovesicles. The aim of the present work is to elucidate possible
physical mechanisms leading to the formation of membrane skeleton depleted RBC
cylindrical or spherical microexovesicles.

2. MATERIALS AND METHODS

2.1. Chemicals. Dodecyltrimethylammonium bromide (C12-TAB) was purchased
from Sigma and dodecyl D-maltoside (C12-MALT) from Fluka.

2.2. Erythrocytes. Blood was drawn from the authors by vein puncture into hep-
arinized tubes. The erythrocytes were washed three times in a buffer containing
145 mM NacCl, 5 mM KCI, 4 mM NagHPQ;, 1 mM NaH,PO,, 1 mM MgSQ,

1 mM CaC} and 10 mM glucose (pH 7.4). The erythrocytes were then suspended
in the buffer at a cell density of.65- 10° cells/ml and kept at 4C until used. The
blood was used within 30 h after drawing.

2.3. Incubation of erythrocytes. Aliquots of a prewarmed (3TC) erythrocyte
stock suspension were pipetted into polystyrene tubes or glass vials containing a
prewarmed (37C) buffer with amphiphiles. The final cell density wa$3- 10°
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cells/ml (about 1.5% haematocrit) and the incubations were carried out in a shaking
thermostatted bath at 3C. The amphiphiles were used at sublytic concentrations
determined as previously describdsiomaaet al., 1987.

2.4. Isolation of erythrocytes and exovesicle€krythrocytes were isolated and
processed as previously describéth@erstrand and Isomaa, 198992 1994.

In short, following incubation with C12-TAB (302M) or C12-MALT (40 uM)

for 60 min at 37°C, erythrocytes were pelleted by centrifugation &t-110° g for

10 min. Exovesicles were, after an additional centrifugation of the supernatant as
above, pelleted by centrifugation of the resulting supernatantléf 2) for 40 min.

2.5. Processing of erythrocytes and microexovesicles for transmission electron
microscopy (TEM). Following isolation, erythrocytes and microexovesicles were
fixed and post-fixed in 1% glutaraldehyde and osmiumtetroxide, respectively, in
a buffer for 30 min at room temperature. After dehydration in a graded series of
acetone/water, the samples were embedded in Epon. Thin sections were stained
with lead citrate and post-stained with uranyl acetate.

2.6. SDS-PAGE for polypeptide and glycoprotein separatioisodium dode-

cyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was performed in
a Bio-Rad Minigel apparatus using a 5% polyacrylamide stacking gel and a 7.5%
polyacrylamide separation gel, accordingtmemmli (19709. Samples were pre-
pared by adding a Laemmli sample buffer to packed mother cells or to pelleted
exovesicles. The polypeptide bands were visualized with Coomassie brilliant blue
staining.

3. EXPERIMENTAL RESULTS

Predominantly spherical microexovesicles were released to the outer solution by
C12-TAB [Fig. 1(a)], while C12-MALT induced the release of mainly cylindri-
cal microexovesicles [Figl(b)]. The spherical microexovesicles had a diameter
of about 150 nm. The length of the cylindrical microexovesicles was often 400—
850 nm and their diameter was about 80 nm. Invaginated stomatocyte-like spheri-
cal microexovesicles were frequently seen [Ri@)]. The spherical microexovesi-
cles frequently had a tail- or tongue-like protrusion.

We have tested a large number of echinocytogenic amphiphiles and showed
that only two anisotropic amphiphiles, i.e., the dimeric amphiphile dioctyldiQAS
(Hagerstrand and Isomaa, 19%hd C12-MALT with a bulky dimeric polar head
induce a release of predominantly cylindrical microexovesicles [Kig)], while
all other tested echinocytogenic amphiphiles induce a release of predominantly
spherical microexovesiclesiagerstrand and Isomaa, 199294).
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Figure 1. TEM micrographs showing released microexovesicles following
amphiphile treatement of human erythrocytes. Human erythrocytes were
incubated (5 min, 37C) with (a) C12-TAB (300uM) or (b) C12-MALT

(40 uM).
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Figure 2. Polypeptide profiles of human erythrocytes treated (30 min,
37°C) with amphiphiles and of released microexovesicles, following SDS-
PAGE and Coomassie brilliant blue staining. (a) Membrane of the parent
erythrocyte treated with C12-MALT, (b) microexovesicles released follow-
ing treatment with C12-MALT and (c) microexovesicles released follow-
ing treatment with C12-TAB.

While the membrane of the amphiphile-treated parent erythrocytes showed the
presence of-spectrin angs-spectrin [Fig.2(a)], the released spherical and cylin-
drical microexovesicles were depleted in, or lackeespectrin ands-spectrin
[Fig. 2(b) and (c)]. Band 3 protein, however, was also present in the microex-
ovesicles.

4. THEORETICAL PREDICTIONS

4.1. Shapes of the membrane segment corresponding to extreme area differ-
enceAA. The microvesiculation process is thought to be induced by an elevation
of the local difference between the outer and the inner monolayer areas of the mem-
brane bilayerr A (Wieseet al., 1992 Bukmanet al., 1996 Igli¢ and Hagerstrand,
1999. An increase of the local area difference of the membrane segment during
the budding procesa A can be achieved in many different ways. For example,
by intercalation of the amphiphilic molecules from the outer solution in the outer
bilayer leaflet of the cell membran8lieetz and Singer, 1978vetinaet al., 1982

Igli¢ and Hagerstrand, 1999due to conformational changes of membrane proteins
(Gimsa and Ried, 1995or due to a lateral flow of membrane constituent molecules
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to the segment from the surrounding membraseaglachviliet al, 1976§. The
equilibrium A A and shape of the segment at a given external condition are de-
termined by the minimum of the total free energy of the systlma¢lachviliet

al., 1976 Wieseet al., 1992 Igli€ et al., 1999 including the bending and relative
stretching energy of the segmeBukmanet al., 1996, the shear energyegans

and Skalak, 1980Vaugh, 1996Igli¢, 1997 and the energy due to inhomogeneous
distributions of membrane componengnflelmanet al, 1992 Lipowsky, 1993
Mohandas and Evans, 19%ralj-Igli ¢ et al.,, 1999. However, it has been shown
recently that the final shape of RBC microexovesicles is determined by the condi-
tion of the local extremeé\ A (Igli¢ and Hagerstrand, 1999In order to obtain the
shapes of the membrane segment having an extreme area différératea given

area of the segment, a variational problem is stated by constructing a functional
(Iglic and Hagerstrand, 1999

G=AA—,\A.</dA—A), (1)

whereA A for thin membranes is
AA=h/<Cl+cz)dA, @

h is the distance between the neutral surfaces of the outer and the inner membrane
lipid leaflet, A A is the Lagrange multiplier, A is the area element areh andC,
are the principal membrane curvatures.

The analysis is restricted to axisymmetric shapes. It is chosen so that the sym-
metry axis of the body coincides with theaxis, in order that the shape of the
segment be given by the rotation of the functipix) around thex-axis, In this
case the principal curvatures are expresseg(l®y and its derivatives with respect

tox; y =5 andy” = % as
1
Ci=—F 3)
y 1+ y/2
and "
Cr= -y (4)

(vity?)

The area element isAl= 27/1 + y'?y dx.
Inserting the above expressions €y, C, and dA into equation {) and rearrang-
ing the terms, the functional normalized with respectitt2s expressed as

G= / g(x,y,y, y"dx, (5)

. yy' /
g(x,y,y,y)=1—1+y,2—2)»Ay\/1+y2, (6)
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whereia/h — Aa.
The variationsG = 0 is performed by solving the Euler—Poisson equation

) d /9 d /3
ADE@. o
ay dx\ay dx# \ ay”
Obtaining the necessary differentiation of equatifnthe Euler—Poisson equation
can be written as

2y” 1 yy'

— = 4 A -
(L+y?)° VIHY® (Vi+ y’2>3

— 0. (8)

If the area of the segment is fixed{ # 0), there is an analytical solution of
equation 8), given by a circle of radiuss:

y=,ré—x% ©9)

which represents a sphere of a radiyiss}= A 4 and a segment of a plangr = 0.

If the areaA is not fixed, i.e., ifAin = 0, the possible analytical solution of the
equation isy = const, representing a cylinder. A boundary condition should be
stated, such as a requirement for a fixed radius of the cylinder.

For A = 0 we have chosen the cylindrical solution of equatiéywhich is con-
sistent with recent theoretical predictiof(rnier, 1996Kralj-Igli € et al., 1999
and with experimental results indicating that anisotropic amphiphilic molecules
have the capacity to induce predominantly cylindrical microexovesiclesIfbyj.
Namely, it has been shown recently that the orientational ordering of anisotropic
molecules embedded in the membrane may favour a thin cylindrical shape in order
to minimize the membrane free enerdio(rnier, 1996Kralj-Igli € et al., 1999.

On the basis of the results presented it can be concluded that the final shape of
the exovesicles corresponding to the extreme value of the segment area difference
AA can be spherical or cylindrical. The exovesicle is spherical if the area of the
budding segmenA is fixed during the budding proceslgl{¢ and Hagerstrand,

1999 and cylindrical if the area of the budding segment A increases during the
budding due to the influx of the anisotropic membrane constituésrze{achvili
et al, 1976 Kralj-Igli € et al., 1999 to the region of the segment.

4.2. A possible role of membrane shear elasticity in depletion of membrane
skeleton in red blood cell exovesicledt has been shown that the area of the iso-
lated RBC membrane skeleton is, at physiological conditions, smaller than the area
of the RBC (angeet al., 1982 Svobodaet al,, 1999. This implies that in the in-

tact cell the skeleton is expanded by means of its interactions with the membrane
bilayer Steck, 1989to completely underlay the inner surface of the bilayer. We
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have shownlgli¢ et al., 1995 Bobrowska-Hagerstrandt al.,, 199§ that a partial
detachment of the membrane skeleton in the budding region of the cell membrane
may be energetically favourable if the decrease of the skeleton expansion energy
after partial skeleton detachment is larger than the corresponding increase of the
bilayer—skeleton binding energy. However, in our previous work, the role of shear
deformations of the skeleton in the budding region was not considered. Therefore,
in this section, the increase of the shear energy of the skeleton during the budding
process is estimated.

Recently, a new constitutive model for the membrane skeleton behaviour was
suggested which takes into account that the membrane skeleton is locally com-
pressible flohandas and Evans, 199ischer and Mohandas, 1996However,
due to simplicity in this work, the shear energy of the skeleton is calculated using
an approximate expressioB\ans and Skalak, 1980

W = % f (W2 + 72— 2)dA, (10)

where the membrane skeleton is considered laterally incompresaiailef, 1995
u is the membrane skeleton area shear modulyss the principal extension ratio
along the meridional directionidli¢, 1997 and dA is the membrane area element
which is chosen sufficiently small so that we may consider it approximately flat. It
has been indicated that in spite of oversimplifications made by using equadion (
the corresponding calculated shear energy of the skeleton may still be realistic
(Waugh, 1995B

The shapes of the cylindrical and spherical protrusions, leading to the formation
of cylindrical and spherical exovesicles, respectively, are described by two simple
geometrical models with two parameters. In the case of cylindrical protrusions
these two parameters are the length of the cylindrical part of the protrusion
the radiug [Fig. 3(a)]. The shape of the spherical protrusion is determined by the
radius of the vesicldR and the anglé® determining the width of the vesicle neck
[Fig. 3(b)].

The shear energy of the cylindrical protrusion [F8ga)] can be calculated ac-
cording to the method dEvans and Skalak (198@s described in detail elsewhere
(Iglic, 1997%:

5 |
W,/ = an2<ln2— §> + 7l? + %rzln(lJr r—) + 21l 4+ 27%r2 — 4r?)

| T 201 2 -2
In{ —+ = +2n/ (A + A= 2 +r(1—cosw)) |r do,
2r 2 0 2

(11)

where
> 27r2(1 — sinw) + 271l + 4nrw

m 7(2r —r cosw)? (12)
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@ (b)

Figure 3. The parameters characterizing the geometrical model of
(a) cylindrical and (b) spherical protrusions of the red blood cell
membrane.

The last integral in equatiorlLy) is obtained numerically using the trapezoidal
formula (gli¢, 1997.

Using the same metho&yans and Skalak, 198@li¢, 1997, the shear energy
of the spherical protrusion [Fi@(b)] can be calculated as:

2 3 1 5
W, =2 RZ n— - CO 19——C08219——
S/ =2m (n(l+cosf}) T30 3 8)

si ¥ + (1 — cos®)?
sir ¢

+ 7 R?(sirf © + (1 — cos®)?) - In \/1+ .(13)

While calculating the shear energhé andWs, the flat membrane is considered
as an initial reference state, where it is assumed that in the reference state the shear
energy is zeroEvans and Skalak, 198@li¢, 1997.

Figure4(a) shows the shear energy of the cylindrical protrusion as a function of
the length of its cylindrical patt Figure4(b) shows the dependence of the shear
energy of the spherical protrusion on the anglfFig. 3(b)] determining the size
of the protrusion. It can be seen in Fgthat the shear energy of the protrusion
strongly increases in the budding process for both the cylindrical as well as for
the spherical shape of the protrusion. On the basis of the results given iiFEig.
can be concluded that a partial detachment of the skeleton from the bilayer in the
budding region of the red blood cell membrane is energetically favourable, since
in this way the accumulated shear deformations in the protrusions can be relaxed.

5. CONCLUSIONS

We observed that the shape of amphiphile-induced microexovesicles is spherical
or cylindrical, depending on the species of the added amphiphile. The spherical
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Figure 4. Relative shear energy of (a) cylindrical protrusion as a function
of the length of its cylindrical part and (b) of spherical protrusion as a
function of the width of the protrusion neck.

microexovesicle corresponds to the extreme difference between the two monolayer
areasA A of the budding segment with the fixed arégli€ and Hagerstrand, 1999

It has been shown here that the cylindrical microexovesicle corresponds to the ex-
treme local area differenc& A assuming that the area of the budding segment is
increased due to the influx of the anisotropic membrane constituents in the budding
region.

In order to predict whether the budding will lead to a spherical or to a cylindrical
protrusion/vesicle, it should be established which of the two processes is possible.
If both of them are possible it should be distinguished which of them would be
energetically more favourable. Therefore, the free energy of the budding segment
under consideratiorigraelachviliet al., 1976 Wieseet al., 1992 Bukmanet al.,

1996 Boulbitch, 1998 Kralj-Igli € et al., 1999 should be minimized, taking into
account the local composition of the segment. This is, however, beyond the scope
of this work.

In conclusion, we have shown by protein analysis that spherical as well as cylin-
drical microexovesicles are depletedirspectrin angB-spectrin. We propose here
that this depletion is mainly due to accumulated shear deformations in the budding
membrane region which are expected to relax when the skeleton is detached.
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