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Shape Changes of Self-Assembled Actin Bilayer Composite Membranes
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We report the self-assembly of thin actin shells beneath the membranes of giant vesicles. Ion-ca
mediated influx of Mg21 induces actin polymerization in the initially spherical vesicles. Buckling of
the vesicles and the formation of blisters after thermally induced bilayer expansion are demonstra
Bilayer flickering is dominated by tension generated by its coupling to the actin cortex. Quantitat
flicker analysis suggests that the bilayer and the actin cortex are separated by 0.4 to0.5 mm due to
undulation forces. [S0031-9007(97)05198-3]
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The viscoelastic properties of plasma membranes
eukaryotic cells are determined by the coupling of tw
soft shells: the lipid-protein bilayer and the membran
associated cytoskeleton. The latter may consist of
two-dimensional meshwork, as in the case of red bloo
cells, or of a several hundred nanometers thick she
(called actin cortex) composed mainly of actin an
associated manipulation proteins (including cross-linkin
severing, and motor proteins), as in leucocytes or
in the amoeba, such as the cells of the slime mo
Dictyostelium discoideum(cf. [1–3]). Many biological
processes are associated with cellular shape changes, s
as cell locomotion or phagocytosis, and are controlled b
a complex interplay of the two soft shells of the composit
cell envelope. The elastic moduli of the actin cortex ma
be varied in two ways: (i) by the degree of cross-linkin
within the network and (ii) by its coupling strength to
the lipid-protein bilayer. Moreover, it can be actively
deformed by motor proteins.

In the present Letter, we report the reconstitution o
thin actin shells in giant vesicles by self-assembly durin
polymerization of monomeric actin through (ion-carrie
mediated) Mg21 influx into spherical vesicles. The actin
cortex is visualized by microfluorescence using laser sca
ning confocal microscopy (LSCM). Bucklinglike shape
changes [4] are observed by phase contrast microsco
(PCM) after thermal expansion of the bilayer excess are

Giant vesicles were prepared by swelling in an electr
field [5,6] of thin lipid layers [dimyristoyl-phosphatidyl
choline (DMPC) [7] and5 mole% of the ion carrier
A23187 [8]] deposited onto ITO glass electrodes [9] i
the presence of monomeric actin (G actin) [10] and in
nonpolymerizing buffer (Gx buffer [11]). For the LSCM
experiments, vesicles were swollen inGx buffer contain-
ing 63 mOsm glucose and4 mM rhodaminyl phalloidin
[12]. The vesicles were diluted intoGx buffer containing
iso-osmolar sucrose in order to reduce the extravesicu
G actin below the critical concentration of polymeriza
tion [10]. Polymerization of the actin inside the vesicle
was then started by the addition of 2 mM of Mg21. For
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some experiments, the actin outside the vesicles was
activated by adding isomolar DNase I [8]. During poly
merization, the vesicles were kept spherical by temperat
controlled adjustment of the area-to-volume ratio. For o
servation, the vesicles were transferred into a temperat
controlled observation chamber in which they could be o
served either by PCM (Zeiss Axiomat 10) or by LSCM
(Axiovert 100 TV, Zeiss, Oberkochen, Germany, and N
ran Odyssey XL, Noran, Middleton, WI). For LSCM an
objective plan apochromat63xy1.4 oil and for PCM an ob-
jective plan-neofluar40xy0.75 (both Zeiss, Oberkochen
Germany) were used. The slit width for LSCM wa
15 mm. Image processing for PCM occurred with th
setup described in [13] and the NIH image program [1
with the modificationVETRAL [15]. All other computa-
tions were done with the computer programIGOR [16].

Figure 1(A) shows LSCM micrographs taken parall
to horizontal sections through a DMPC vesicle contai
ing polymerized actin. Figure 1(B) exhibits the fluo
rescence intensity distributions along a line through t
equatorial plane before, plot a, and after, plot b, polyme
ization. Clearly, the actin is accumulated near the me
brane after polymerization, forming a thin fluorescent sh
of about1 mm thickness. The formation of the actin corte
could also be monitored by characteristic shape chan
of vesicles exhibiting an excess bilayer area before po
merization. The originally flaccid and strongly flickering
vesicles show buckling shape changes (similar to Fig.
within about 30 min after starting the polymerization.

Figure 2(A) shows typical shape changes of a vesi
containing polymerized actin caused by thermal expans
of the bilayer. The vesicle undergoes a buckling transiti
(cf. images a and b). This is reversible for small tempe
ture increases of about 5±C. During further heating a few,
or sometimes only one, protrusions are formed which m
consist of rounded blisters [cf. Fig. 2(A), images c and d
cone-shaped protrusion [cf. Fig. 2(B), image b], tubul
protrusions [cf. Fig. 2(B), image d], and spherical bud
connected with the mother vesicle by a neck (image n
shown). The irreversible protrusions are stable for hou
© 1998 The American Physical Society
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FIG. 1. (A) Fluorescence micrographs of spherical DMP
vesicle with reconstituted polymerized actin (initial concentr
tion 7 mM) taken with LSCM. Horizontal sections (distance
3 mm) from the top to the equatorial plane are shown. (B) Pl
of fluorescence intensity along the lineAB shown on image f
in (A). The intensities beforessd and after polymerization for
2 h shd are given. The full width at half maximum of the ob-
served maxima is about1 mm.

The formation of only a small number of protrusion
indicates that the excess area formed isotropically on
vesicle surface can slide over the cortex. The protrusio
may be partially stabilized by growing in of polymerized
actin due to long time changes of the filament lengths.

About 10% of the vesicles (such as that of Fig. 2) exhib
strong enough flickering in the quasispherical shape to
analyzed by flicker spectroscopy [6]. Judged from prev
ous studies [6], this is most likely due to the lateral tensio
generated by microbud formation. The flickering of th
majority of the vesicles is, however, large enough to me
sure the mean square amplitudes

P
ky2

ql of the fluctuating
membrane along the contour [cf. Fig. 3(B)]. The bendin
moduluskc and the membrane tensions of the strongly
flickering vesicles are determined by Fourier anal
sis of the fluctuation of the contourysw, td according to
ysw, td  R0

P
yqstde2iqw (w azimuth angle,R0 vesicle

radius). The mean square Fourier amplitudes of t
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FIG. 2. (A) Phase contrast micrograph of buckling and blis
tering of composite shell (DMPC vesicle containing7 mM of
actin) during gradual increase of bilayer excess area by th
mal expansion: image a, 26.0±C; image b, 26.7±C; image c and
image d, 32.8±C). (B) Same for vesicles containing2 mM
(image a and b) showing cone-shaped protrusion and7 mM
showing tubelike protrusion (images c and d).

contour fluctuations (cf. Fig. 3) are related to the bend
ing moduluskc and the normalized membrane tensio
snorm  ssDdR2

0ykc [17] according to [6,17,18]

ky2
ql 

kBT
kc

lmaxX
lq

fPq
1 scosp

2 dg2

sl 1 2d sl 2 1d flsl 1 1d 1 snormsDdg
,

(1)
whereP

q
l scosp

2 d are the normalized associated Legendr
polynomials. lmax describes the highest order mode o
membranes of thicknessdm and is given by lmax 
2pRd21

m . Fitting Eq. (1) to the measured data ofky2
ql

yields both the bending moduluskc and the membrane
tension ssDd [19]. An example is given in Fig. 3(A).
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FIG. 3. (A) Normalized mean square Fourier amplitudeky2
ql

plotted as a function of undulation wave numberq of
fluctuating contour of a vesicle with reconstituted actin netwo
for two different actin concentrations:ssd 2 mM and shd
7 mM. The radii of both vesicles are10 mM and the
temperature was 26.5±C. Following Häckl et al. [18], the
bending stiffnesskc and the tensions are obtained by fitting
Eq. (1) to theky2

ql versusq plots. 2 mM actin: kc  s7.5 6

1.9d 3 10220 J, s  s4.5 6 0.3d 3 1027 J m22; 7 mM actin:
kc  s4.0 6 1.1d 3 10220 J, s  s2.8 6 0.2d 3 1027 J m22.
The excessively large amplitudes of modesq  5 and q  6
for 2 mM could be caused by a slightly nonspherical avera
vesicle shape. (B) Radial plot of root mean square amplitudp

ky2l of the flickering of the vesicle shown in Fig. 2(B)
(image b).

The interesting result is thatkc is about equal to the value
of that of the free bilayer containing the ionophoreskc 
5 3 10220 Jd [6], which shows that the actin filaments ar
not tightly coupled to the bilayer. If the flickering is too
weak to apply the rigorous analysis, one can still estima
the mean square amplitude as a function of the azim
angle of the contour [cf. Fig. 3(B)].

The self-assembly of a thin shell of polymerized act
in a spherical vesicle can be understood in terms of
minimization of the bending energy of the semiflexib
actin filaments. Actin polymerizationin vitro leads to
long filaments of average contour lengthkLl > 20 mm
[20], which is comparable to the radius of the vesic
studied. The average bending energy of a very th
shell of actin (with thicknessdc ø R) composed ofNF

randomly oriented filaments is of the order

GB >
1
2

NFB
Z 2pR

0
R22ds > pNFBR21, (2)
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whereB is the filament bending modulus (dimension J m
This equation is valid as long as the vesicle diameter is
similar size or larger than the persistence length of t
filaments,Lp > 2 mm [20(b)]. The total bending energy
GB decreases as the radius of the shell increases, whic
in contrast to the bending energy of the bilayer shell [21

An important problem is whether the flickering o
the composite shell is determined by the undulations
the bilayer alone or of the whole shell. The following
considerations favor the former possibility.

The effective bending modulus of a thin layer ofNF

randomly oriented filaments of lengthL is of the order
keff

c > NFBL21y2. The number of filaments per vesicle
of radiusR can be expressed as

NF 
4p

3
R3cANA

1
rAL

, (3)

wherecA is the monomeric actin concentration,rA is the
actin monomer number per length of a filament [22], an
NA is Avogadro’s number. The 2D effective bendin
modulus of the actin shell is then

keff
c >

2p

3
cANA

R3

rAL2 B . (4)

For L > R > 10 mm, one finds (with B >
4 3 10226 J m [23]) keff

c > 9 3 10218 J, which is
over an order of magnitude larger than thekc value mea-
sured [cf. Fig. 3(A)], strongly suggesting that the act
cortex and the bilayer are decoupled. Further eviden
for this comes from the finding that the bilayer ca
slide freely over the actin shell during the formation o
blisters or buds after prolonged annealing. The distan
khl between the bilayer and the actin shell is below th
optical resolution. khl can be estimated by assuming tha
it is determined by the disjoining pressure by the bilay
undulation. In this case, it isky2l ø khl2. The data of
Fig. 3 yield a value ofkhl ø 0.5 mm.

Another estimation ofkhl is based on the assumption
that the undulation-induced disjoining pressurePund is
balanced by the pressurePA exerted by the cortex
towards the outside of the vesiclesPund  PAd. The
analysis of Fig. 3(A) shows that the disjoining pressu
is dominated by the membrane tension sinceky2

ql ~

q21.3 instead ofky2
ql ~ q23, characteristic fors  0 [6].

Following Lipowsky [18], Pund may then be expressed
approximately as

Pund ø 0.185
kBTs

kc
exp

µ
2

h
hs

∂ µ
hs

h

∂1y4

s4h21 1 h21
s d,

with hs ; skBTy2psd1y2. (5)

For a vesicle of R  10 mm and cA  2 mM [in
Fig. 2(B) images a and b], the pressure exerted
the actin cortex (with the single filament bendin
stiffness B  4 3 10226 J m) is of the order ofPA 
4.5 3 1026 J m23. It would be balanced by the un-
dulation pressure at a distancekhl  0.4 mm for
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s  3 3 1027 J m22 [cf. Fig. 3(A)], in good agreement
with the above value obtained by flicker analysis.

The self-assembly of a thin actin shell in giant vesicle
exhibiting diameters comparable to the persistence leng
of the filaments is a consequence of the semiflexible n
ture of actin. Even if the actin is polymerized in large de
flated vesicles, they form quasispherical shells while th
excess bilayer area is transformed into buds which eve
tually detach (images not shown). We do not find tubelik
shapes unless the vesicles are smallsR , 0.1 mmd. Such
shapes have been found for large vesicles if the polym
ization was performed with very high actin concentration
and completely different polymerization conditions [24]
Recent studies by cryoelectron microscopy (EM) and r
construction of the actin-bilayer shells by EM tomograph
[25] show that elongated vesicles are favored with sma
radii R ø 0.1 mm.

The behavior of the semiflexible actin in giant vesicle
is strikingly different from that of microtubuli which form
long protrusions if excess area is provided but which al
form rings if the vesicle is under high tension [26].

The self-assembly of actin cortices in giant vesicles
a first step towards the design of more realistic mode
of cell plasma membranes. The composite shells exhi
shape changes such as buckling and (multiple) blis
formation which are not found for pure lipid vesicles
[27] but which are typical for cells. The buckling may
be caused by the arrangement of actin into domains
parallel aligned filaments with the domain walls forming
flexible hinges. This is indeed suggested by free
fracture EM (authors’ unpublished experimental results)
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