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Fig. 1. Reconstructionof a cytoskeleton inside vesicles. (A) The lipidmembrane contains a fraction of functionalized lipidwith aNi-NTA group. Elementary
buildingblocks encapsulated in the vesicle consist of actin, a polyhistidine-taggedanillin cross-linker, andmyosin IImolecularmotors. The self-organization of
these bricks results in the formation of an active cytoskeletal network coupled to the lipidmembrane. In the network, themyosin produces a stress s, which is
transduced to the membrane via the Ni-NTA lipid/His-anillin links. Pulling on the membrane leads to the generation of an internal overpressure, Dp,
and, hence, an increase of themembrane tension. (B) Three-dimensional network coupled to themembrane (10 mMactin, 0.5 mManillin, and 0.1%Ni-NTA lipid).
(C) Intensity profile of the actin network along one diameter of the vesicle [dashed line in (B)]. a.u., arbitrary units. (D) Increasing the Ni-NTA from 0.1% to suc-
cessively 1 and 10% favors the recruitment of anillin at the membrane. The bulk is depleted in anillin, which leads to thinner bundles. (E) At 10% Ni-NTA lipids,
increasing the anillin concentration from0.1 to 0.5 and 1 mM leads to a transition froma 3Dnetwork (0.1 and 0.5 mM) to a 2D cortex-like cytoskeleton (1 mM). (F) A
2D cortex-like structure is obtained for 10 mMactin, 1 mManillin, and 10%Ni-NTA lipid. A confocal picture of the equatorial plane is shown. (G) Size distribution of
the areaswith a lowermembrane/cortex anchoring. The size of the areaswith a fluorescence intensity lower than the average intensity is extracted from the actin
intensity profile plotted along the circumference of the cortex. An example of such a profile is given in the inset. (H) The intensity profile of the actin along one
diameter [dashed line in (F)] of the vesicle. The two peaks show that actin is recruited at the membrane to form a 2D cortex, but some cytoskeletal material
remains in the bulk of the vesicle. (I) Vesicle with a 2D cortex, 10 mMactin, 1.5 mManillin, and 10%Ni-NTA lipid. (J) Heterogeneities in the cortex are characterized
the sameway as in (G). The higher anillin concentration favors the recruitment of actin at themembrane, and the heterogeneities are smaller. Scale bars, 20 mm.
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4,5-bisphosphate lipid interaction (27). Using the cDICE method to pro
duce these biomimetic vesicles allows an efficient encapsulation
cytoskeletal proteins and a robust reproducibility (25). In a typical exper
iment, we consider about 75% of the produced vesicles for the an
The remaining 25% of the vesicles result from the characteristic
dispersity of the method. The analyzed vesicles remain stable for
day, at least. For a given set of experimental conditions, at least
sicles with homogeneous morphology were analyzed.

At a concentration of 0.1% Ni-NTA lipids, we observe a volu
spanning actin network inside the vesicles anchored to the mem
via the Ni-NTA–anillin (0.5mM) interaction (Fig. 1, B and C)
Increasing the Ni-NTA lipid concentration to 1% results in a sign
cantly less-bundled network that still spans the entire volume of the
icle (Fig. 1D). A further increase of the Ni-NTA lipid concentration
to 10% results in even thinner filaments in the volume of the vesicl
a cortex remains to be formed. This shows that a higher ratio of Ni-NTA
lipids significantly favors the recruitment of the anillin to the membran
but is not sufficient for cortex formation. This suggests that the con
tration of cross-linking molecules isthe limiting factor for cortex forma
tion. At 0.5mM anillin, a large fraction of anillin is already bound to t
membrane when polymerization and cross-linking of the actin networ
occur, which depletes anillin from the volume and thus reduce
bundling effect in the vesicle.

Indeed, by increasing the anillin concentration by a factor of 2, w
can produce a cortex network tightly coupled to the membrane w
10% Ni-NTA lipids are present (Fig. 1E). Both a high ratio of Ni-N
lipid (10%) and a high concentration of anillin (1mM) are required to
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obtain a two-dimensional (2D) cortex-like structure. Cortex formation
was not achieved at a low Ni-NTA concentration of 0.1%, even a
10-fold higher concentration of anillin was added. Actin is recruite
the membrane, as can be seen on the actin intensity profile alon
diameter of a vesicle (Fig. 1H). The fraction of cortical actin dep
on the anillin concentration and can be determined by computing
cortex/bulk ratio of actin fluorescence intensity. At 1mM anillin, cortical
actin accounts for 40 to 50% of the total actin. An increase of a
concentration to 1.5mM favors the recruitment of cortical actin up
75%. The cortex has intrinsic heterogeneities consisting of areas of low
cortical actin, as can be observed in Fig. 1 (F and I). We characte
these heterogeneities in the case of two different anillin conce
tions by measuring the size of the areas that have an actin fluores
intensity below the mean intensity. The size distributions are rep
in Fig. 1 (G and J). At 1mM anillin, the low-intensity cortical actin area
range from 2 to 6mm, whereas at 1.5mM, the size of the heterogeneiti
drops to� 0.5mm. This is consistent with the increase of the fractio
cortical actin previously calculated.

Switching the network geometry from a 3D network (Fig. 1B)
2D cortex-like structure (Fig. 1F) does not result in change of the o
vesicle shape; in all cases, the vesicles remain spherical. The fraction
bound anillin can be determined by labeling anillin with Alexa Fl
488. By computing the ratio of intensities in the volume of the ve
with the circumference, the absolute bound anillin concentration
determined (see figs. S2 to S4 and the Supplementary Materi
detailed calculations). By this means, the distances between the atta
ment points are determined and reported in the final phase diagram
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Fig. 2. Stability of single-bleb vesicles containing 1mMmyosin. (A) At an anillin/myosin concentration of 0.2:1, we observe the formation of a single bleb
that remains stable overtime. The internal overpressure is not strong enough to globally disrupt the coupling to the membrane. (B to E) Upon decreasing the
number of membrane/cytoskeleton links (0.1:1, anillin/myosin), the contraction of the actomyosin network decreases the neck of the bleb (B) and themembrane/
cytoskeleton links rupture until the vesicle recovers a spherical shape (C to E). Scale bars, 20 mm. d, diameter of the bleb; R0, radius of the spherical vesicle.
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