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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. lon-carrier
mediated influx of Mg" induces actin polymerization in the initially spherical vesicles. Buckling of
the vesicles and the formation of blisters after thermally induced bilayer expansion are demonstrated.
Bilayer flickering is dominated by tension generated by its coupling to the actin cortex. Quantitative
flicker analysis suggests that the bilayer and the actin cortex are separated by0OG4utm due to
undulation forces. [S0031-9007(97)05198-3]

PACS numbers: 87.22.Bt, 82.70.-y, 87.45.—k

The viscoelastic properties of plasma membranes ofome experiments, the actin outside the vesicles was in-
eukaryotic cells are determined by the coupling of twoactivated by adding isomolar DNase | [8]. During poly-
soft shells: the lipid-protein bilayer and the membranemerization, the vesicles were kept spherical by temperature
associated cytoskeleton. The latter may consist of a&ontrolled adjustment of the area-to-volume ratio. For ob-
two-dimensional meshwork, as in the case of red bloodervation, the vesicles were transferred into a temperature
cells, or of a several hundred nanometers thick sheltontrolled observation chamber in which they could be ob-
(called actin cortex) composed mainly of actin andserved either by PCM (Zeiss Axiomat 10) or by LSCM
associated manipulation proteins (including cross-linking(Axiovert 100 TV, Zeiss, Oberkochen, Germany, and No-
severing, and motor proteins), as in leucocytes or asan Odyssey XL, Noran, Middleton, WI). For LSCM an
in the amoeba, such as the cells of the slime moldbjective plan apochroméasx /1.4 oil and for PCM an ob-
Dictyostelium discoideunfcf. [L-3]). Many biological jective plan-neofluan0x/0.75 (both Zeiss, Oberkochen,
processes are associated with cellular shape changes, sugarmany) were used. The slit width for LSCM was
as cell locomotion or phagocytosis, and are controlled byi5 um. Image processing for PCM occurred with the
a complex interplay of the two soft shells of the compositesetup described in [13] and the NIH image program [14]
cell envelope. The elastic moduli of the actin cortex maywith the modificationveTrRAL [15]. All other computa-
be varied in two ways: (i) by the degree of cross-linkingtions were done with the computer prograsoR [16].
within the network and (ii) by its coupling strength to  Figure 1(A) shows LSCM micrographs taken parallel
the lipid-protein bilayer. Moreover, it can be actively to horizontal sections through a DMPC vesicle contain-
deformed by motor proteins. ing polymerized actin. Figure 1(B) exhibits the fluo-

In the present Letter, we report the reconstitution ofrescence intensity distributions along a line through the
thin actin shells in giant vesicles by self-assembly duringequatorial plane before, plot a, and after, plot b, polymer-
polymerization of monomeric actin through (ion-carrierization. Clearly, the actin is accumulated near the mem-
mediated) Md" influx into spherical vesicles. The actin brane after polymerization, forming a thin fluorescent shell
cortex is visualized by microfluorescence using laser scaref aboutl wm thickness. The formation of the actin cortex
ning confocal microscopy (LSCM). Bucklinglike shape could also be monitored by characteristic shape changes
changes [4] are observed by phase contrast microscomf vesicles exhibiting an excess bilayer area before poly-
(PCM) after thermal expansion of the bilayer excess areanerization. The originally flaccid and strongly flickering

Giant vesicles were prepared by swelling in an electriovesicles show buckling shape changes (similar to Fig. 2)
field [5,6] of thin lipid layers [dimyristoyl-phosphatidyl within about 30 min after starting the polymerization.
choline (DMPC) [7] and5 mole% of the ion carrier Figure 2(A) shows typical shape changes of a vesicle
A23187 [8]] deposited onto ITO glass electrodes [9] incontaining polymerized actin caused by thermal expansion
the presence of monomeric acti@ (actin) [10] and in  of the bilayer. The vesicle undergoes a buckling transition
nonpolymerizing buffer@* buffer [11]). For the LSCM (cf. images a and b). This is reversible for small tempera-
experiments, vesicles were swollendit buffer contain-  ture increases of about’®. During further heating a few,
ing 63 mOsm glucose ardl uM rhodaminyl phalloidin  or sometimes only one, protrusions are formed which may
[12]. The vesicles were diluted intG* buffer containing consist of rounded blisters [cf. Fig. 2(A), images c and d],
iso-osmolar sucrose in order to reduce the extravesiculaone-shaped protrusion [cf. Fig. 2(B), image b], tubular
G actin below the critical concentration of polymeriza- protrusions [cf. Fig. 2(B), image d], and spherical buds
tion [10]. Polymerization of the actin inside the vesiclesconnected with the mother vesicle by a neck (image not
was then started by the addition of 2 mM of Mg For  shown). The irreversible protrusions are stable for hours.
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FIG. 1. (A) Fluorescence micrographs of spherical DMPC
vesicle with reconstituted polymerized actin (initial concentra-
tion 7 uM) taken with LSCM. Horizontal sections (distance
3 um) from the top to the equatorial plane are shown. (B) Plot
of fluorescence intensity along the lidgB shown on image f
in (A). The intensities befor€O) and after polymerization for
2 h(O) are given. The full width at half maximum of the ob- FIG. 2. (A) Phase contrast micrograph of buckling and blis-
served maxima is about um. tering of composite shell (DMPC vesicle containifiguM of

. . actin) during gradual increase of bilayer excess area by ther-
The formation of only a small number of protrusions mal expansion: image a, 26.0; image b, 26.7C; image ¢ and
indicates that the excess area formed isotropically on thienage d, 32.8C). (B) Same for vesicles containingy uM
vesicle surface can slide over the cortex. The protrusion§mage a and b) showing cone-shaped protrusion andvi

may be partially stabilized by growing in of polymerized Showing tubelike protrusion (images ¢ and d).

actin due to long time changes of the filament lengths. = ¢ontour fluctuations (cf. Fig. 3) are related to the bend-
About 10% of the vesicles (such as that of Fig. 2) eXthIting modulusk, and the normalized membrane tension

strong enough flickering in the quasispherical shape to bgnorm — o (A)RS /k. [17] according to [6,17,18]

analyzed by flicker spectroscopy [6]. Judged from previ-

ous studies [6], this is most likely due to the lateral tension 5 ksT Imax [Pf(cos%)]Z

generated by microbud formation. The flickering of the(v,) = X Z (120 D0+ 1)+ ovam@]

majority of the vesicles is, however, large enough to mea- ¢ I=q norm

sure the mean square amplitucEéuj) of the fluctuating (1)

membrane along the contour [cf. Fig. 3(B)]. The bendingwherePf(cos%) are the normalized associated Legendre

modulusk. and the membrane tensian of the strongly polynomials. /.« describes the highest order mode of

flickering vesicles are determined by Fourier analy-membranes of thicknesd,, and is given byl =

sis of the fluctuation of the contour(¢, 1) according to 27Rd,,'. Fitting Eq. (1) to the measured data @f7)

v(p,1) = Ro D v,(t)e "¢ (¢ azimuth angleR, vesicle yields both the bending modulus and the membrane

radius). The mean square Fourier amplitudes of theéensiono(A) [19]. An example is given in Fig. 3(A).
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(A) whereB is the filament bending modulus (dimension J m).
This equation is valid as long as the vesicle diameter is of
similar size or larger than the persistence length of the
filaments,L, = 2 um [20(b)]. The total bending energy
noise Gp decreases as the radius of the shell increases, which is
0o u in contrast to the bending energy of the bilayer shell [21].
An important problem is whether the flickering of
O 7uM actin the cgmposite shell is determined by the undulations of
s e e e o the bilayer alone or of the whole shell. The following
2 S R 11 g considerations favor the former possibility.
mode number q The effective bending modulus of a thin layer &f:
90° randomly oriented filaments of length is of the order
(B) ke = NpBL™!/2. The number of filaments per vesicle
of radiusR can be expressed as
4T 1
NF 3 R7caNA onL’ 3)
wherec, is the monomeric actin concentratigpy is the
actin monomer number per length of a filament [22], and
N4 is Avogadro’s number. The 2D effective bending
modulus of the actin shell is then
2 R3
kg’ff = ?CANAEB. 4)
For L=R=10um, one finds (with B =
FIG. 3. (A) Normalized mean square Fourier amplitidg) 4 x 10726 J m [23]) kST =9 x 10718J, which is
plotted as a function of undulation wave number of over an order of magnitude larger than thevalue mea-

fluctuating contour of a vesicle with reconstituted actin network - . .
for two different actin concentrationdO) 2 uM and ()  sured [cf. Fig. 3(A)], strongly suggesting that the actin

7 uM. The radii of both vesicles arel0 uM and the cortex and the bilayer are decoupled. Further evidence
temperature was 26°%€. Following Hackl et al.[18], the  for this comes from the finding that the bilayer can
bending stiffness. and the tensionr are obtained by f'tti[‘g slide freely over the actin shell during the formation of
'15‘3- (i) fgfi?i@q)_vef?sf (p))l;)tS).( Tol‘fiv'\]acf'zn.' ]7‘0 _|\/|(7.5 = blisters or buds after prolonged annealing. The distance
. )= 4.0 = 1’1)U><_1(()*'203 (})= (2.8 + Org) % 1557 Jar%t,'g' (h) between the bilayer and the actin shell is below the
The excessively large amiolitudes of modes= 5 and g = 6 pptical reso_lution.(h) can Ige. e_stimated by assuming that
for 2 uM could be caused by a slightly nonspherical averagdt is determined by the disjoining pressure by the bilayer
vesicle shape. (B) Radial plot of root mean square amplitudesindulation. In this case, it i&?2) = (h)>. The data of

y/(v?) of the flickering of the vesicle shown in Fig. 2(B) Fig. 3 yield a value ofh) =~ 0.5 um.

slope -1.3

amplitude <vq3 [1]
153
1

83 .
6] O 2uUM actin
.

180°

i
270°

(image b). Another estimation of’) is based on the assumption
The interesting result is that is about equal to the value that the undulation-induced disjoining pressu?g.a is
of that of the free bilayer containing the ionophe¢ke =  Palanced by the pressurg, exerted by the cortex

5 X 10720 J) [6], which shows that the actin filaments are towards the outside of the vesiclPua = Pa). The
not tightly coupled to the bilayer. If the flickering is too @nalysis of Fig. 3(A) shows that the disjoining pressure

weak to apply the rigorous analysis, one can still estimat@ildf_mi”ated by2 the ﬂembrane tension sineg) o
the mean square amplitude as a function of the azimuth™ '~ instead 0f<v{1(> = ¢, characteristic foor = 0 [6].

angle of the contour [cf. Fig. 3(B)]. Following Lipowsky [18], Pung may then be expressed
The self-assembly of a thin shell of polymerized actin@pproximately as

in a spherical vesicle can be understood in terms of the kT o R\ (he \* .

minimization of the bending energy of the semiflexible Puna = 0.185 . F(_E> <7> @h=" + h,),

actin filaments. Actin polymerizatiom vitro leads to

long filaments of average contour length) = 20 um with hy = (kT /27 0)'/>. (5)
[20], which is comparable to the radius of the vesiclepor a vesicle of R = 10 um and ¢4 = 2 uM [in
studied. The average bending energy of a very thirkig 2(B) images a and b], the pressure exerted by
shell of actin (with thicknesg/. < R) composed ofVr  the actin cortex (with the single filament bending

randomly oriented filaments is of the order stiffness B = 4 x 10726 Jm) is of the order ofP, =
1 R, 0 4.5 107°JIm™3. It would be balanced by the un-
Gp = 5 NrB 0 R™“ds = mNpBR™",  (2)  qylation pressure at a distancé:) = 0.4 um for
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o =3 X107 JIm? [cf. Fig. 3(A)], in good agreement [6] W. Hackl, U. Seifert, and E. Sackman, J. Phys. Il (France)
with the above value obtained by flicker analysis. 7,1141-1157 (1997).

The self-assembly of a thin actin shell in giant vesicles [7] DMPC was purchased from Avanti Polar Lipids (USA).
exhibiting diameters comparable to the persistence lengtH8l lon carrier A23187 was purchased from Sigma (Deisen-
of the filaments is a consequence of the semiflexible na-__ hofen, Germany). ,
ture of actin. Even if the actin is polymerized in large de- [9] ITO glass electrodes were purchased from Balzers (Licht-

. . . . enstein).
flated vesicles, they form quasispherical shells while th 10] J.D. Pardee and J.A. Spudich, Methods Enzymol.

excess bilayer area is transformed into buds which even- g5 164181 (1982): S. MacLean-Fletcher and T.D.
tually detach (images not shown). We do not find tubelike p0,||ard’ Biochem. Bi(’)phys. Res. Commu@6, 18—27
shapes unless the vesicles are siffalk 0.1 wm). Such (1980).

shapes have been found for large vesicles if the polymefi1] G~ buffer: 2 mM Tris HCI pH 7.5, 0.2 mM ATP, 0.2 mM

ization was performed with very high actin concentrations DTT, 0.2 mM MgClh, 80 0/00 NaN.

and completely different polymerization conditions [24]. [12] Rhodaminyl phalloidin buffer was purchased from Molec-

Recent studies by cryoelectron microscopy (EM) and re-  ular Probes, Eugene, OR.

construction of the actin-bilayer shells by EM tomographyl13] J. K&s, H. Strey, M. Barmann, and E. Sackmann, Euro-

[25] show that elongated vesicles are favored with small phys. Lett.21, 865-870 (1993). ,

radii R = 0.1 um. 14] W. .Rasbgnd NIH image, 1.60, 1996, Washington, DC,
The behavior of the semiflexible actin in giant vesicles http://rsb.info.nih.gov/nih-image/

. g . . T [15] W. Hackl, Vetral, 3.3, 1996, Plocking, Germany,
is strikingly different from that of microtubuli which form http:/Awww. physik.tu-muenchen. dewhaeckl/software

long protrusions if excess area is provided but which als¢16] wavemetrics, Igor Pro, 3.03, 1996, Lake Oswego, OR,
form rings if the vesicle is under high tension [26]. WaveMetrics Inc.

The self-assembly of actin cortices in giant vesicles ig17] S. Milner and S. Safran, Phys. Rev.38, 4371 (1987).
a first step towards the design of more realistic model$18] U. Seifert, Phys. Rev. Letf4, 5060 (1995); R. Lipowsky,
of cell plasma membranes. The composite shells exhibit in Handbook of Biological Physics Vol. 1: Structure and
shape changes such as buckling and (multiple) blister ~Dynamics of Membranegdited by R. Lipowsky and E.
formation which are not found for pure lipid vesicles Sackmann (Elsevier, Amsterdam, 1995).
[27] but which are typical for cells. The buckling may [19] The membrane tension is a function of the excess
be caused by the arrangement of actin into domains of /€84 =A — Ag of the vesicle of volumeVo. A, =

2/3 . . . . . _
parallel aligned filaments with the domain walls forming ?nz(tsr:g)/siﬁe V(')Slutr:ee ?{g? of a spherical vesicle exhibit

flexible hinges. Th,'s IS In'deed sugggsted by freeZ(TZO] (@) S. Kaufmann, T. Pieckenbrock, W. Goldmann, M.

fracture EM (authors’ unpublished experimental results). Barmann, G. Isenberg, and E. Sackmann, FEBS Lett.
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