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Abstract

In living cells, lipid membranes and biopolymers determine each other’s conformation in a
delicate force balance. Cellular polymers such as actin filaments are strongly confined by the
plasma membrane in cell protrusions such as lamellipodia and filopodia. Conversely,
protrusion formation is facilitated by actin-driven membrane deformation and these
protrusions are maintained by dense actin networks or bundles of actin filaments. Here we
investigate the mechanical interplay between actin bundles and lipid bilayer membranes by
reconstituting a minimal model system based on cell-sized liposomes with encapsulated actin
filaments bundled by fascin. To address the competition between the deformability of the
membrane versus the enclosed actin bundles, we tune the bundle stiffness (through the fascin-
to-actin molar ratio) and the membrane rigidity (through protein decoration). Using confocal
microscopy and quantitative image analysis, we show that actin bundles deform the
liposomes into a rich set of morphologies. For liposomes having a small membrane bending
rigidity, the actin bundles tend to generate finger-like membrane protrusions that resemble
cellular filopodia. Stiffer bundles formed at high crosslink density stay straight in the
liposome body, whereas softer bundles formed at low crosslink density are bent and kinked.
When the membrane has a large bending rigidity, membrane protrusions are suppressed. In
this case, membrane enclosure forces the actin bundles to organize into cortical rings, to
minimize the energy cost associated with filament bending. Our results highlight the
importance of taking into account mechanical interactions between the actin cytoskeleton and
the membrane to understand cell shape control.
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Introduction

Cellular biopolymers are often confined by lipid membrane boundaries, which have an
important impact on their overall configuration. Cytoskeletal protein filaments in animal cells
such as microtubules and actin stress fibers can span across the entire cell length, which is
typically on the scale of 5-100 um. Spatial confinement offered by external constrains thus
strongly affects the spatial organization of microtubules and actin stress fibers, influencing
mitotic spindle positioning, cellular contractility and cell polarity [1, 2]. Cytoskeletal
polymers are even more strongly confined in protrusions of the plasma membrane such as
lamellipodia, filopodia, and pseudopodia. Lamellipodia are thin sheet-like protrusions (0.1 -
0.2 um in height) filled with branched arrays of actin filaments that drive membrane
protrusion in migrating cells [3-5]. Filopodia are thin cylindrical protrusions (0.1 — 0.3 um in
width) filled with parallel bundles of actin that facilitate directional cell migration, pathogen
sensing, and cell-cell adhesion [4, 6]. Pseudopodia are also thin protrusions that also
contribute to cell motility, but they are filled with microtubules [7, 8]. Experiments on
reconstituted model systems composed of a small set of purified components have
demonstrated that spatial confinement affects the conformation of actin filaments and
microtubules as well as their alignment. For instance, micron-sized chambers promote
spontaneous alignment of actin filaments [9, 10] and microtubules [11, 12], and thin channels
straighten actin filaments by confining their thermal fluctuations [13].

Lipid membranes are fluid-like and deformable. Membrane shape remodeling can thus be
achieved by interactions with membrane-associated proteins [14, 15]. Cytoskeletal polymers
can also cause membrane deformation. Actin filaments for instance play an active role in
forming lamellipodia and filopodia by polymerizing with their fast-growing plus ends against
the plasma membrane [16]. In a similar manner, microtubules generate thin membrane
protrusions such as sensory cilia [17] and axopodia [18]. Similar membrane protrusions can
be formed by hemoglobin, a protein that self-assembles into semiflexible fibers in red blood
cells of sickle cell disease patients [19]. Biopolymers can also influence the overall shape of
cells. Marginal microtubule bands for instance contribute to the oblate shape of red blood
cells [20, 21], and sickle hemoglobin fibers rigidify and deform sickle red blood cells [22,
23]. Conversely, cells can alter the mechanical properties of the plasma membrane to control
cytoskeleton dynamics and organization [24-27]. In motile keratocytes, actin polymerization
is suppressed at the cell rear due to the higher membrane tension, whereas the lower
membrane tension at the cell leading edge allows actin polymerization [28]. Membrane
tension is also a regulator of cytoskeleton architecture. It was shown that branched actin
networks growing against a liposome membrane can assemble into actin bundles, deforming
the membrane into protrusions, when the membrane tension is above a certain threshold [29].
Taken together, lipid membranes and biopolymers determine each other’s conformation in a
delicate force balance.

Motivated by the biological relevance of biopolymer confinement by membrane
boundaries, there has been extensive theoretical work studying the balance of forces that
governs polymer-membrane interactions [30-40]. These models generally assume an
idealized case of a single polymer confined in a spherical cavity delimited either by a rigid
wall or by a fluid bilayer membrane. A linear or ring-like polymer confined in a non-
deformable sphere is expected to buckle and spontaneously localize underneath the spherical
wall when the polymer is sufficiently stiff and the length of the polymer (ring) exceeds the
confinement diameter [36]. This arrangement minimizes the enthalpic energy cost associated
with polymer bending. This prediction has been experimentally confirmed by observations of
microtubules confined in box-like chambers or spherical droplets, showing peripheral coil- or
ring-like microtubule conformations [11, 41]. When a polymer is confined in a deformable
cavity, there is a trade-off between the energy cost of bending the polymer versus the energy
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cost for deforming the cavity [30, 34]. Upon increasing the rigidity of the polymer, a
transition from a disordered conformation to an ordered coil is expected and the cavity will
adopt an oblate shape [34]. When the polymer is infinitely stiff, depending on the polymer
length or the forces exerted by the polymer on the cavity surface, various deformed cavity
shapes are predicted [37, 38]. These theoretical predictions are supported by in vitro
experiments using microtubules enclosed in liposomes. In liposomes with a high membrane
tension, the membrane remains spherical and the microtubules are forced to adopt a ring-like
conformation, whereas in liposomes with a low membrane tension, the microtubules remain
straight and deform the membrane into finger-like protrusions [42].

Biopolymers in cells are generally not present as a single polymer, but are instead
organized in dense networks or bundles. To ensure adaptability of both cytoskeletal
organization and membrane shape, cells rely on a multitude of accessory proteins that
crosslink the cytoskeletal filaments to each other and to the plasma membrane [43, 44]. Actin
filaments are for instance organized in bundles in filopodia [6], whereas microtubules are
organized in bundles in ciliae [17] and axopodia [18]. Given that bundles of biopolymers
have a higher stiffness than the constituent filaments, one expects that bundling should allow
for longer protrusions [45]. Experimentally, this hypothesis has been tested in a number of
studies employing actin filaments enclosed in liposomes or emulsion droplets. When dense
actin networks are confined in liposomes or droplets in the absence of crosslinkers,
confinement forces them to arrange into a peripheral shell to minimize their bending energy
[46, 47]. Indeed, with a persistence length of around 10 um [48], actin filaments are too
compliant relative to the membrane to cause membrane deformation. Cells can thus regulate
the ability of actin filaments to form membrane protrusions by recruiting proteins that
specifically bind actin filaments and crosslink them into bundles. Examples of well-studied
bundling agents are fascin, a-actinin and filamin [49]. When actin is co-polymerized inside
liposomes together with one of these bundling agents, the resulting actin bundles can deform
the liposomes into various shapes, including protruded shapes [50, 51]. However, the ability
of actin bundles to deform liposomes depends on both the crosslinker type and its
concentration relative to that of actin. Indeed, both of these factors determine the stiffness of
actin bundles [45]. It was for instance shown that bundles assembled by fascin or a-actinin
are sufficiently stiff to generate membrane protrusions, in contrast to actin bundles assembled
by filamin [51]. However, a systematic study where the essential parameters that govern
membrane shape control by confined polymer bundles is still missing.

Here, we use cell-sized liposomes containing actin filaments bundled by fascin to
provide an experimental model system where we can systematically investigate how bundled
cytoskeletal polymers and a lipid membrane influence each other’s configuration. By
confocal microscopy and morphometric analysis, we show that actin-fascin bundles deform
the liposomes into a rich set of morphologies including protruded shapes. By varying the
fascin-to-actin molar ratio, we address the competition between membrane resistance and
actin bundle stiffness. We find that softer bundles exhibit kinks and organize into a web-like
bundle network in the main body of protruded liposomes, whereas stiffer bundles remain
straight in the main body. Conversely, the configuration of the actin bundles is also
determined by a competition between membrane resistance and bundle stiffness: in liposomes
with a high bending rigidity, liposomes mainly remain spherical and confinement forces the
actin bundles to organize into a cortical ring-like configuration underneath the liposome
membrane. Our data show that lipid membranes and biopolymer bundles determine each
other’s conformation in a force balance that can be tuned by the membrane resistance and
bundle rigidity.



Results

Liposome morphologies

To study how actin filaments and lipid membranes affect each other’s organization, we
develop an experimental model system consisting of cell-sized liposomes encapsulating
purified actin filaments. As shown in Figs. 1D and E, actin filaments in the absence of actin
crosslinkers form dense, isotropic networks inside the liposomes. In nearly half of the
liposomes, actin fills the entire liposome interior (Figs. 1D, 2A, red symbols), forming
homogeneous networks that look similar to networks formed in bulk solution (Fig. 1A).
However, in ~60% of liposomes with a radius below 8 um, the actin filaments concentrate
into a thick cortical shell underneath the membrane (Figs. 1E, 2A, black symbols, and Fig.
2B). Spontaneous cortical actin shell formation has also been reported previously [46].
Confinement of the actin filaments by the membrane forces them to reside at the periphery so
as to minimize their bending energy.

In the absence of crosslink proteins, all liposomes are spherical, with no obvious signs
of membrane deformation. Indeed, the force applied by a single actin filament (at most ~1.5
pN) [52, 53] is known to be insufficient to deform a lipid bilayer membrane [54-56]. To form
rigid actin bundles capable of membrane deformation, we co-polymerize actin with the
crosslinker protein fascin, which is a key bundling protein in filopodia [57, 58]. We use
fascin-to-actin molar ratios of 0.05 and 0.2, close to physiological values of 0.02-0.04 [59]. In
bulk solution, actin and fascin co-assemble into an isotropic network of bundles (Fig. 1B,C)
that are known to be unipolar and densely packed [60]. As shown in Fig. 3, assembly of these
bundles inside liposomes causes dramatic membrane deformation. For any given liposome
preparation, we observe a large diversity of liposome shapes (Fig. 1F,G). To systematically
characterize the distribution of shapes, we observe a large population of liposomes (typically
50) per preparation. For liposomes filled with bundles at a fascin-to-actin molar ratio of Rg =
0.05, we find many liposomes having a lollipop shape, characterized by an ellipsoidal main
body containing multiple actin bundles and one finger-like membrane protrusion at one pole
(four examples in Fig. 3A). Occasionally we find ¢-shaped liposomes with two narrow actin-
filled protrusions at opposite poles (one example in Fig. 3A), or even liposomes with more
than two protrusions (Fig. 4A). In addition, there are also non-protruded liposomes with a
shape that is spherical, tube-like, pear-shaped, or irregular (Fig. 3B). To quantify the fraction
of liposomes with protrusions, we classify a liposome as protruded when the width of its
protrusion is at least three times smaller than the width of its main body (Fig. S1). Based on
this criterion, we find that ~60% of the liposomes are protruded when R:= 0.05 (out of a total
of 104 liposomes). Most of the protruded liposomes have a single protrusion, whereas a
minority (18%) has two or more protrusions.

To quantify the shape of each liposome, we analyze the circularity and solidity of its
equatorial cross-section (see Methods). The circularity quantifies the deviation of a two-
dimensional (2D) shape from a circle, and is defined as: Circularity = 4rnArea/Perimeter?.
The solidity quantifies the degree of indentation of a 2D shape relative to a convex shape
(Fig. S2A) [61], and is defined as: Solidity = Area/Convex area. Area denotes the area
enclosed by the 2D contour of the liposome, Perimeter is the length of the contour, and
Convex area is the area of a convex hull that encloses the contour. We find that both
parameters clearly correlate with the classification of protruded versus non-protruded
liposomes: protruded liposomes (black symbols in Fig. 3C) tend to have smaller values of
both circularity and solidity than non-protruded liposomes (red symbols). The solidity of
protruded liposomes is inversely correlated with the length of the membrane protrusion (Fig.
S2B) and their circularity is usually below 0.4 (Fig. S2C). Together, the circularity and



solidity parameters therefore provide a convenient way to compare the spectrum of shapes
adopted by liposomes with enclosed bundles under different experimental conditions.

When viewed in three dimensions (3D), we find that there is rarely a single bundle
(only in 1 out of 21 liposomes) inside the main body of the protruded liposomes. Instead, we
observe multiple bundles, regardless of the numbers of protrusions (Fig. 4A). These bundles
usually form a planar ring-like assembly or a sparse web (Fig. 4A n = 1 panel and 3D-view in
Fig. S3A), except in two liposomes that have bundles located in different planes (3D-view in
Fig. S3B). In 25% (total 24 liposomes) of the protruded liposomes, actin bundles in the
protrusions exhibit a hairpin-like bend at the tip of the protrusion, indicative of buckling (Fig.
5C). However, more often, the bundles exhibit sharp kinks underneath the membrane
somewhere along the protrusion (Fig. 5A,B). Bundles in the main body of the liposomes also
exhibit sharp kinks underneath the membrane. These kinks are suggestive of structural
defects in the bundles [62], which may arise from side-branching of the bundles [63] or
because actin filaments do not run along the entire bundle length [64]. Indeed, prior length
measurements of actin filaments assembled in bulk solution demonstrated a broad
distribution (5 to 35 um, with an average length of 13£5 um) with only few filaments long
enough to span the entire length of an actin bundle [65].

Membrane protrusion formation

We observe a broad range of protrusion lengths, from 5 to 35 um (Fig. 6A). A key question is
what physical factors limit this length. It has been suggested that the length should be limited
by the Euler buckling instability of the enclosed actin bundle as a result of the compressive
load applied at its tip by the membrane [54-56]. The observation that for 25% of the
protruded liposomes, bundles in the protrusions are buckled at their tip suggests that the
buckling instability may indeed limit the protrusion length.

To directly test this hypothesis, we increase the bundle stiffness by raising the fascin-
to-actin molar ratio Rg from 0.05 to 0.2, which should increase the critical Euler buckling
force [66]. Overall, we observe a similar range of liposome morphologies as at low Rg,
ranging from protruded liposomes having a lollipop or ¢-shape to non-protruded liposomes
that are spherical, tube-like, lemon-shaped or pear-shaped (Fig. S4A, B). The fraction of
protruded liposomes is again around 60%. However, the fraction of protruded liposomes with
more than one protrusion is higher at high Rg (35%, total 40 liposomes) than at low Rg (18%,
total 62 liposomes). Moreover, a small number of liposomes has much longer protrusions
than observed at low Rg, with lengths up to 60 um (Fig. 6A). A striking difference between
liposomes formed at high and low Rg is the morphology and arrangement of the actin
bundles. Bundles formed at high Rr always remain straight at the protrusion tip (Fig. 5F)
whereas the bundles formed at low Rgare occasionally (25% of cases) buckled at the tip (Fig.
5C). Moreover, protrusions formed at high Rr are generally straight (Figs. 4B and 5F, 78% of
32 liposomes) or occasionally (12%) gently curved (Figs. 4B and 5E), whereas protrusions
formed at low R are sometimes sharply bent due to a kink in the supporting bundle (16% out
of 44 liposomes; Fig. 5B). Altogether, these findings show that stiffer bundles formed at
higher levels of fascin are capable of forming longer and straighter protrusions.

The arrangement of the bundles in the liposome main body is also significantly altered
when the bundles are stiffened by raising Re. In the majority of protruded liposomes (90% out
of 28), the actin bundles are straight and aligned with the long axis of the liposome body at
high Re (Figs. 4B and 5D). Only 10% of the liposomes have ring-like or web-like network
structures. This is in strong contrast to the low R case, where nearly all liposomes contain
ring- or web-like arrangements of actin bundles in their main body. The shape of the main
body is also somewhat more elongated at high Rg (Fig. 6B). These observations indicate that



stiffer bundles favor bundle alignment and liposome elongation, whereas softer bundles favor
bundle bending to avoid membrane deformation.

Increasing the fascin level can increase the bundle stiffness either by increasing the
number of filaments per bundle [67] or by enhancing the degree of coupling between
filaments in the bundle [45]. To distinguish between these two scenarios, we compare the
actin fluorescence intensity of bundles formed at low and high Rg. By normalizing the bundle
intensity by the intensity of unbundled actin in the main body of each corresponding
liposome (measured in-between bundles) and by assuming that this intensity represents the
intensity of single filaments, we obtain an estimate of the filament number per bundle. We
note that the actin fluorescence intensity in the main body among analyzed liposomes varies,
indicating a variation in actin encapsulation efficiency as expected for liposomes formed by
hydrogel-assisted swelling [68] (Fig. S5A). When we plot the actin fluorescence intensity of
actin bundles against that of unbundled actin for each liposome, we do not observe a clear
correlation between the two values (p = 0.5001), which indicates that the variation in actin
content does not contribute to the estimated filament number per bundle (Fig. S5B). We
emphasize that these numbers do not represent accurate absolute numbers, since the
fluorescence intensity in the main body likely originates from both actin monomers and
filaments. Assuming the background level to be representative of the fluorescence level of
filamentous actin is, however, reasonable since the critical concentration for actin
polymerization in bulk solution is typically of order 0.1 pM, which is much less than the
actin concentration used (12 uM). We find that the bundle size estimated is independent of R,
indicating that the enhanced rigidity of the bundles at high Rg is caused by tighter coupling of
the filaments. Independent of Rg, bundles have an average size of 25 filaments in protrusions
(Fig. 7A black symbols) and 15 filaments in the liposome main body (Fig. 7A red symbols).
Line profiles reveal that some bundles in protrusions have an even fluorescence intensity
along their length (Fig. 7B right panel), whereas others exhibit a stepwise change in intensity
reflecting the convergence of multiple bundles that emanate from the main body into the
protrusion (Fig. 7B left panel).

The experiments in which we vary bundle stiffness by varying R indicate that the
formation of membrane protrusions is determined by a balance between bundle rigidity and
membrane resistance. We can independently test this interpretation by adjusting the bending
stiffness of the membrane. To this end, we dope the membrane with biotinylated lipids
decorated with neutravidin, which should increase the membrane bending rigidity around 10-
fold [69]. We refer to liposome membranes without neutravidin decoration as the reference
membrane condition, and liposome membranes decorated with neutravidin as the stiff
membrane condition. When encapsulating soft actin bundles (Re=0.05), we observe a marked
reduction of the percentage of protruded liposomes, from 60% for the reference membrane
condition to 30% for the stiff membrane condition (Fig. S6), which is indeed consistent with
a higher elastic energy cost for protrusion formation. The liposomes that are protruded have
only a single protrusion (Fig. S7A). By using Alexa350-labeled neutravidin, we observe that
neutravidin molecules cover the entire liposome surface including the entire protrusion (Fig.
S8). The protrusions formed by stiff liposomes have a similar length as those formed with the
reference membrane condition (Fig. 6A), but a smaller width (Fig. S9). Given that narrower
membrane tubes are associated with a higher bending energy cost, this observation indicates
that the protrusion width is mainly determined by membrane tension rather than bending
stiffness [70]. We also observe a marked influence of membrane stiffening on the overall
shape of the liposomes: both the non-protruded liposomes (Fig. S7B-D) and the main body of
the protruded liposomes (Fig. 6B and Fig. S7A) have a significantly more circular equatorial
shape than liposomes at the reference membrane condition.



The organization of the soft actin bundles (Rg = 0.05) inside the stiff liposomes is
similar as in liposomes prepared at the reference membrane condition. Half of the protruded
stiff liposomes have bundles with sharp kinks arranged in a planar ring-like structure in the
main body, whereas the other half has distorted rings located in multiple planes (Fig. S7A).
For the non-protruded stiff liposomes, we observe that actin bundles organize into ring-like
structures underneath the membrane (Fig. S7B and Fig. 8A).

Confinement-induced actin bundle organization in non-protruded liposomes

In non-protruded liposomes, soft actin bundles (Rg = 0.05) form ring-like structures and often
exhibit sharp kinks, similar to actin bundles in the main body of protruded liposomes. In
nearly half of the cases, the bundles pack into a single cortical ring (Fig. 8A panel i, packed
cortical ring), whereas in the other half, the bundles form multiple cortical rings and/or
bundles that are not organized in a single plane (Fig. 8A panel ii, multiple cortical rings). The
liposome radius (in the experimentally accessible range of 2 to 8 wm) and the membrane
stiffness do not appear to affect the propensity to form a single, packed cortical ring versus
multiple cortical rings (Fig. 8B). Comparable ring-like structures were previously reported for
actin bundles formed with other types of cross-linking proteins, upon confinement in
liposomes [50] or water-in-oil droplets [45], as well as for microtubules confined in
liposomes [41]. Interestingly, we occasionally observe distorted ring-like actin bundles that
assume a buckled shape (Fig. 8C) that is closely reminiscent of theoretical predictions for
confined polymer rings [36].

Discussion

Morphological diversity

We use a model system of cell-sized liposomes filled with actin-fascin bundles to study the
interplay of membrane-induced polymer confinement and polymer-induced membrane
deformation. We focus on the cross-linking protein fascin since it has a key physiological
function in forming and/or stabilizing cellular filopodia [71]. One important finding of this
work is that actin-fascin bundles can drive the formation of one or more membrane
protrusions only as long as the membrane is sufficiently soft. These findings are qualitatively
consistent with earlier studies of liposomes deformed by actin bundles or microtubules (see
below). However, we perform a more complete and quantitative analysis of liposome shapes
across a large population of up to ~100 liposomes for each experimental condition. This
analysis enables us to reveal a wide variety of liposome shapes differing in the degree of
membrane deformation and in the spatial organization of the actin bundles. The
morphological diversity we observe may be related to variations in actin encapsulation
efficiency [68] and/or membrane elasticity and tension [69] among liposomes. We note that
the actin encapsulation efficiency is on average about 50%, meaning that for an actin
concentration of 24uM in the swelling solution, around 12uM is present inside liposomes
[68]. We expect that the encapsulation efficiency for fascin will be comparable to that of
actin, since actin and fascin have a comparable molecular weight, 42 and 55 kDa,
respectively. Thus, we expect that the fascin-to-actin molar ratio will remain the same upon
encapsulation. To assess whether there are any variations in membrane lamellarity, we
measure the membrane fluorescence intensity of liposomes at the reference membrane
condition and at the stiff membrane condition. As shown in Figure S10A, most of the
liposomes in both conditions have comparable membrane fluorescence intensities, indicating
uni-lamellarity [72]. Moreover, we find no correlation between membrane intensity and the
likelihood of observing membrane protrusions (see Fig. S10B). The advantage of having a



wide range of morphologies for each liposome preparation is that it enables us to correlate
membrane shape with bundle organization.

Formation and stabilization of actin-mediated membrane protrusions

Theoretical models of membrane protrusion formation by cytoskeletal filaments enclosed in a
spherical liposome generally assume a single growing rod whose ends apply an axial load on
the membrane [37-39, 73]. Depending on rod length and axial force, liposomes are predicted
to adopt the shape of a tube, lemon, lollipop, or ¢. We experimentally realize all the predicted
shapes. Consistent with the theoretical predictions, we observe a much smaller number of
liposomes with a ¢—shape than with the energetically more favorable lollipop shape,
reflecting the energy barrier for initiating each protrusion [74]. At the reference membrane
condition, the percentage of ¢-shaped liposomes is 9% (out of a total of 56 liposomes with
either a ¢—shape or lollipop shape) for soft bundles with R = 0.05 and 21% (out of a total of
33 liposomes) for stiff bundles at Rg = 0.2. A similar observation of a minority of ¢-shaped
liposomes was reported for liposomes encapsulating microtubules [41, 42, 75-79].

The energy required to generate a cylindrical membrane protrusion from a flat
membrane arises from the mechanical energy associated with membrane stretching and
bending [70]. For typical values of membrane bending rigidity (a few tens of pN-nm) and
surface tension (0.001 — 0.1 pN/nm), maintaining a membrane tube with a radius of 10 - 200
nm requires a point force of 1 - 50 pN [80, 81]. However, to initiate a protrusion from a flat
membrane, the applied force has to be ~13% higher than the equilibrium force [82-84].
Considering typical actin concentrations in cells (10 - 100 uM) [85], thermodynamic models
predict that the maximum force generated by the polymerization of single actin filaments is
around 9 pN [52]. Since this force is smaller than the typical force required to initiate and
maintain a membrane tube, actin filaments need to form bundles [56, 54]. Indeed, our results
clearly show that membrane protrusions are generated only if the actin filaments are bundled,
in agreement with earlier, more qualitative, reports [50, 51, 86-90].

The protrusion lengths we observe for liposomes containing actin-fascin bundles (up
to 60 um) are larger than values reported earlier for liposomes containing actin bundles (3 -
12 um) [51, 86, 87, 89, 90] or microtubules (5 — 14 um) [41, 42, 75-79]. The difference may
be due to differences in membrane composition and excess area or to differences in actin
bundle stiffness. The maximum length of a membrane protrusion generated by an actin
bundle is expected to be limited by the mechanical stability of the bundle against the
compressive load imposed at its tip [54-56, 74]. Simply, the maximum load of a bundle can
be estimated based on the critical Euler buckling force [66]. For a typical membrane resistive
force of 10 - 50 pN associated with a thin membrane tube, single actin filaments with a
persistence length 1, ~ 10 um will already buckle for lengths longer than 40 — 100 nm.
However, bundles have a larger effective persistence length that scales with the number of
constituent filaments, N, as N“l,, where « ranges from 1 to 2, depending on whether coupling
is loose or tight [45]. Prior experimental data showed that actin-fascin bundles become more
rigid with increasing fascin-to-actin molar ratio due to a concomitant increase of N as well as
a [45]. In bulk solution, the maximum value of N for actin-fascin bundles is 20 [67], which is
comparable to bundle sizes observed in filopodia (N = 10 — 20) [71, 91]. From our
fluorescence intensity analysis, we also estimate N -values in this range for actin-fascin
bundles assembled inside liposomes. Thus, the Euler buckling stability criterion suggests that
bundles can support protrusions with a maximal length of 1 - 2 um.

The experimentally observed lengths are much longer than expected based on the
buckling criterion. This discrepancy can be explained in light of recent theoretical models,
which predict that the tight enclosure of bundles by a membrane tube can prevent bundle



buckling, even for bundles composed of only 4 filaments [55, 92]. Our findings support these
predictions, since we observe protrusions of up to 30 um at low Rg and up to 60 um at high
Rr, consistent with measurements of filopodia lengths (0.4 — 100 um) in cells [93-95]. The
longest protrusions are often gently curved, consistent with predictions of the theoretical
model that the membrane tube will bend together with the enclosed bundle and thus stabilize
the protrusion [55]. Within this purely mechanical model, filopodia can grow to arbitrary
lengths [55]. However, other factors such as G-actin diffusion to the growing filopodia tip
and actin polymerization may limit the protrusion length [54, 56, 74, 96]. In our experimental
assay, we are unable to observe the kinetics of bundle growth and thus cannot directly verify
whether G-actin diffusion is limiting. It will be interesting to observe the kinetics of actin
bundle growth in liposomes after triggering actin polymerization by introducing actin
polymerization buffer via membrane channels [46, 50] or microinjection [97].

The protrusion length may also be influenced by the length distribution of the
filaments within the bundles. Current theoretical models of actin-mediated membrane
protrusions assume that the actin filaments within the bundle run along the entire length of
the protrusion [54, 56, 98, 99]. In our experiments, however, the filament length distribution
is broad and most filaments are shorter than the protrusion length. For enclosed bundles
formed at low Rg, we observe sharp kinks that are reminiscent of kinks observed for actin
bundles formed with the crosslinker a-actinin, which were induced by bending the bundles
with optical tweezers [62]. The kinks are an indication of structural defects, which may arise
from uneven filament packing in the bundles. In future, it will be informative to use
fluorescently tagged fascin to identify the precise molecular basis of the kinks. It will
furthermore be interesting to include the packing structure of actin bundles in theoretical
models of filopodia formation, in order to be able to predict lengths and shapes of filopodia.
There are observations of sharp kinks during retraction of filopodia [100] in neuronal cells
[101] and macrophages [102], and helical buckling of actin inside filopodia of human
embryonic kidney cells [64]. Also, there is evidence that the length of actin filaments in
filopodia in vivo is species-dependent. For slow-growing filopodia in mouse melanoma cells,
bundles of continuous actin filaments were observed [71]. However, fast-growing filopodia
in Dictyostelium cells were shown to contain many short and contiguous filaments [91], and
in the filopodia of the sea cucumber Thyone the number of actin filaments decreases down
the length of the filopodium from ~200 near its base to ~10 near the tip [103], due to the
influence of capping protein [104].

Our experimental model system can provide an assay to study the influence of
physiological actin-membrane linkers in the future. Moreover, it provides an ideal platform to
disentangle different mechanisms that have been proposed to contribute to filopodia
formation, including the roles of IRSp53, formins and the Arp2/3 complex in filopodium
initiation [105-110], the synergistic bundling activity of the Eps8/IRSp53 complex [111], and
the effect of myosin X motors and capping protein on filopodia growth [112-114]. It would
be interesting to introduce the Arp2/3 complex nucleation machinery in our system, building
on recent advances in the in vitro reconstitution of actin nucleation at the inner surface of
liposomes [115], to test the proposed mechanism of filopodia formation from dendritic arrays
[116]. It will also be interesting to study a possible synergy of actin bundles with the BAR
family proteins, which are shown to facilitate filopodia formation by inducing membrane
deformation [117-119].

Confinement effects on actin bundle organization

Our results reveal a reciprocal influence of closed membranes and enclosed actin bundles on
cach other’s organization. The organization of the actin bundles in the non-protruded
liposomes and in the body of the protruded liposomes shows clear evidence of confinement
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effects. In bulk solution, entropy favors a random spatial and orientational organization of the
bundles. However, in the liposomes, the bundles are strongly confined, since the liposome
diameter is comparable to the persistence length of single filaments [48, 120] and certainly
much smaller than the persistence length of the bundles. Accordingly, actin bundles formed
at low fascin concentration arrange in ring-like structures underneath the membrane, which
avoids membrane deformation at the cost of filament bending. In contrast, stiffer bundles
formed at high fascin concentration remain straight and align with the longest axis of the
liposomes, which avoids filament bending but at the cost of membrane stretching.

Our findings are consistent with theoretical models of polymers confined in a rigid
sphere. Ring polymers are predicted to be buckled into a distorted ring [36] and linear
polymers are predicted to form a cortical ring [121]. Models of deformable liposomes
containing a single polymer predict that a stiff polymer will remain straight and deform the
liposome into a prolate shape, whereas a soft polymer will form a toroidal structure that
deforms the liposome into an oblate shape [30, 34]. We could not test whether our liposomes
have a prolate or oblate shape, since they are freely suspended in the buffer, hampering a
precise 3D-reconstruction of their shape. Nevertheless, our observations are qualitatively in
good agreement with these theoretical predictions. Interestingly, it has been shown that
microtubules in activated blood platelets [122, 123] and in erythrocytes [21] also form a bent
peripheral ring at the circumference, reminiscent of the cortical actin rings we observe in
liposomes. Spontaneous ring formation may potentially aid in the formation of contractile
actin-myosin rings involved in cell division [124, 125], in synergy with other mechanisms
such as actin bundling by septins [126].

Conclusion

The actin cytoskeleton is an important determinant of cell shape in animals. We reconstitute a
minimal model system of liposomes containing actin-fascin bundles to elucidate how a lipid
membrane and a simplified actin cytoskeleton influence each other’s organization through
mechanical interactions. When the liposomes are sufficiently deformable, the bundles can
deform the membrane into finger-like protrusions, reminiscent of cellular filopodia. The
protrusions can reach lengths of up to 60 um. In contrast, liposomes having a membrane with
a large bending rigidity predominantly remain spherical and force the bundles to form
cortical rings, an arrangement that minimizes the energy associated with membrane
deformation as well as actin filament bending. Our results highlight the importance of taking
into account the mechanical characteristics of the cytoskeleton and the plasma membrane
besides factors such as biochemical signaling to understand cell shape control.

Materials and Methods

Chemicals and proteins

Chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA) unless specified
otherwise and lipids from Avanti Polar Lipids (Alabaster, AL, USA). We used 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (PEG-PE), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (rhodamine-PE) and 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (biotin-PE). Neutravidin
was purchased from Invitrogen (Breda, The Netherlands). Rabbit skeletal muscle monomeric
actin (G-actin) was purchased from Cytoskeleton (Tebu Bio, Heerhugowaard, The
Netherlands). AlexaFluor 488 labeled fluorescent actin was prepared in-house [127]. G-actin
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was stored in G-buffer (2 mM Tris-HCI, 0.2 mM Na,ATP, 0.2 mM CaCl,, 1 mM DTT, pH
7.8) at 0°C for up to 1 week or at -80°C for long term storage. Before use, 4 mM DTT was
added to reduce any oxidized sulfhydryl groups [128, 129], and actin solutions were clarified
by centrifugation at 120,000 x g for 30 min and sonicated for 5 min to disrupt actin dimers
[130]. Recombinant mouse fascin was prepared from T7 pGEX E. coli as described in [127],
except that gel filtration was performed on a high-resolution Superdex 200 column (GE
Healthcare, Munich, Germany). Fascin was stored at -80°C in 50 mM Tris-HCI pH 7.5, 150
mM KCI, 5 mM DTT, 10% (v/v) glycerol. Before use, fascin aliquots were clarified by
centrifuging at 120,000 x g for 5 min and used within a week.

Liposome preparation

Liposomes with the reference membrane condition were prepared by swelling lipids dried on
top of a layer of agarose (Type 1X-A) [65]. Briefly, we spin-coated 300 pl of 1% (w/w)
agarose solution on a coverslip, dried it at 37°C for 30 min, spin-coated 150 pl of a 3.75
mg/ml lipid mixture (DOPC; 0.2 mol% rhodamine-PE; 5 mol% PEG-PE) in
chloroform/methanol (95:5 v/v), and dried it in vacuum for 60 min at room temperature.
Liposomes decorated with neutravidin (the stiff membrane condition) were prepared by
swelling inverse phase precursor micelles formed by adding a neutravidin solution (either 3.5
ul of 48 mg/ml or 17 pl of 10 mg/ml) to 60 ul of a 3.75 mg/ml lipid mixture (DOPC; 0.2
mol% rhodamine-PE; 2 mol% biotin-PE; 2.5 mol% PEG-PE), and pipetting up and down
until the mixture became opalescent [131]. Liposomes encapsulating actin without fascin
were also prepared with the precursor method, using a phosphate buffer solution to create
precursors (DOPC; 0.2 mol% rhodamine-PE; 5 mol% PEG-PE). The precursor solutions (40
ul) were spin-coated on agarose-coated slides, which were then dried in vacuum for 100 min
at room temperature. An open-top liposome formation chamber was assembled by placing a
spacer on the agarose-lipid coated coverslip. Lipid swelling was initiated by pipetting 50 pl
of an inner buffer (I-buffer: 25 mM imidazole-HCI pH 7.4, 50 mM KCI, 2 mM MgCl;, 1 mM
DTT, 0.1 mM MgATP,, 280 mM sucrose, 2 mM trolox, 2.5 mM protocatechuic acid and 0.1
uM protocatechuate 3,4-dioxygenase) into the formation chamber. The actin concentration in
the I-buffer was 23.8 uM (1 mg/ml, including 20 - 30 mol% of AlexaFluor 488 labelled
actin), leading to an average actin concentration after encapsulation of ~12 uM [68]. The
swelling time was 45 min for lipid films and 90 min for precursor films. Swelling was
performed at 4°C to slow actin polymerization and in a humid environment to prevent I-
buffer evaporation. Liposomes were collected in an open-top observation chamber consisting
of a spacer on a glass slide by pipetting 65 ul of a glucose solution (O-buffer) into the
formation chamber and gently tilting it. We repeated this process twice, leading to at least a
2.6-fold dilution of actin remaining outside the liposomes. The observation chamber was
closed by a coverslip. Glass slides and coverslips were passivated with a 2 mg/ml casein
solution to prevent liposome adhesion and rupture. The liposomes were kept at 4°C for 5 — 10
min to ensure osmotic equilibrium between the interior and the external solution. Actin
polymerization was initiated by bringing the observation chamber to room temperature and
allowed to proceed for 45 min before observation.

Recently, it was shown that liposomes formed by swelling a hybrid film of agarose and
lipids contain residual agarose [132]. We measured the fraction of residual agarose in our
liposomes by measuring the fluorescence intensity of fluorescein-labeled agarose inside
liposomes relative to the intensity in the swelling solution (containing 1 wt% of agarose),
taking care to use the same illumination and image recording settings. We prepared
fluorescein-labeled agarose according to the previously reported method [133]. In the absence
of actin, the residual agarose content was 15% (average of 3 independent experiments, see
Fig. S11). When actin and fascin were both present in the inner buffer, the residual agarose
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content was 19% (Fig. S12A, B). Liposomes without protrusions had a slightly higher agarose
content compared to protruded liposomes (Fig. S12C). However, the difference was small, so
we do not expect that the residual agarose significantly affects liposome morphology. This
interpretation is supported by additional control experiments where we prepared liposomes
by swelling a hydrogel of polyvinyl alcohol (PVA), which does not get encapsulated [134].
We observed similar liposome morphologies of liposomes prepared by PVA swelling
compared to agarose swelling (Fig. S13), indicating that residual agarose has a minor effect,
if any, on liposome shape control by actin.

Control of membrane tension by osmolarity adjustment

Buffer osmolarities were measured by an Osmomat 030 osmometer (Gonotec GmbH, Berlin,
Germany). The osmolarity difference between the I- and O-buffers was controlled by
adjusting the glucose concentration in the O-buffer. In a hypertonic environment, where the
O-buffer has a higher osmolarity than the I-buffer, the liposomes shrink: the osmolarity
mismatch across the membrane sets up an outward flow of water that continues until osmotic
equilibrium is reached. Assuming a fixed surface area, the liposome gains excess membrane
area, AA, compared to a sphere of the same final volume. The relative area change is

AAl A =1 —[Col(Co+AC)]?", where A is the total liposome surface area, C, is the osmolarity

of the I-buffer, and AC the osmotic gradient across the membrane [135]. In the calculation
we neglected the presence of residual I-buffer outside liposomes.

Microscopy and image analysis

Confocal fluorescence and phase contrast images were taken on a Nikon Eclipse Ti
inverted microscope equipped with a Nikon C1 confocal scanhead, a 100x/NA1.4 Plan Apo
objective, and lasers with wavelengths of 488 nm and 543 nm. Images shown here are single
confocal sections recorded at the equatorial plane of liposomes unless specified otherwise.
Image analysis was performed with ImageJ software [136]. Liposomes with enclosed or
adhered small liposomes, lipid aggregates, or tubes that could potentially affect
membrane/actin morphology were excluded from the analysis (Fig. S14).

The actin shell thickness of a liposome was determined by integrating actin fluorescence
intensity around concentric circles and repeating this for radial distances from the center of
the liposome to its edge. By normalizing all values by the corresponding circumference (in
pixels), we obtained a profile of integrated intensities along the liposome radius. To compare
the integrated intensities of the liposome, we normalized integrated intensities by subtracting
the minimum integrated intensity and then dividing by the difference between the maximum
and minimum integrated intensities. The actin shell thickness was defined as the distance
between the liposome edge and the radial position from the center of the liposome where the
normalized integrated intensity is greater than 0.5. The shell thickness is finally divided by
the liposome radius to obtain a normalized shell thickness. For a homogeneously filled
liposome we expected a normalized shell thickness of 1. Since thick actin shells are in
practice difficult to distinguish from homogeneous networks, we classified liposomes with a
normalized shell thickness above 0.7 as “without cortical shell” and liposomes with
normalized shell thicknesses below 0.7 as exhibiting a cortical shell.

For liposomes having no protrusion or in-plane protrusion(s), liposome shapes were
quantified by manually detecting their 2D contour in the equatorial plane (x-y plane), using
phase contrast or confocal fluorescence images. For liposomes with a membrane protrusion
tilted out-of-plane, we determined the shape from an image obtained by summing several
images along the z-axis from 3D confocal z-stacks. From the contours, we extracted two
shape parameters: circularity and solidity [61]. Circularity is defined as the ratio of the area
enclosed by the 2D contour over the area of a circle of equivalent perimeter; solidity is
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defined as the ratio of the area enclosed by the contour over the area of its minimum convex
hull. The width of a liposome body without the protruded part, called the main body, was
obtained by fitting the body shape to an ellipse [136]. The minor (major) axis length of the
ellipse was assigned to the body width (length) (Fig. S1A). The protrusion width was
measured as an average of 2 —3 width values measured at different locations along the
protrusion. For liposomes with more than one protrusion, we only presented the length of the
longest protrusion in Figs. 6A, S2B and S4E.

The pixel-averaged intensity of actin bundles was determined by averaging line profiles
along the bundles with a width of 1 pixel (0.05 — 0.22 um/pixel, depending on image
acquisition setting), and a length of at least 1.3 wm. The intensity was corrected for
background noise by subtracting the average intensity of the dark background measured
outside the liposomes. We measured the fluorescence intensity of the bundles relative to that
of the background inside the liposome main body. The latter intensity was always
significantly larger than the background intensity ((actin — background)/actin = 74 + 15%),
indicating the presence of encapsulated actin that was not incorporated in bundles. These
results only provide us an estimate of the number of filaments per bundle, given that we
could not distinguish between actin monomers and filaments.

To test the distribution of membrane lamellarities, we analyzed the membrane fluorescence
intensity of the liposomes by manually drawing a line, with a width of 2 pixels and a length
of at least 2 um, along the contour of each liposome, followed by summing the fluorescence
intensity values of all pixels within the line and normalizing by the number of pixels. The
background fluorescence intensity, measured by the pixel-averaged fluorescence intensity
inside a square area with a length about 1 um outside of the corresponding liposomes, was
then subtracted from the membrane fluorescence intensity.

Statistics

Scatter plots showed measurements for individual actin-fascin liposomes, collected from 2
experiments in each experimental condition. Notched boxes showed mean (small squares),
maximum and minimum values (crosses), and the 5th and 95th (whiskers) and 25th and 75th

percentile. The notches that extended to +1.58x IQR/~/N (IQR is the interquartile range and
N is the sample size) represented the 95% confidence level of the median value [137].

Statistical tests were performed by Pearson's linear correlation coefficient and the p-value
was obtained from a Student's t-distribution.
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Figures
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FIGURE 1 Confocal images of actin networks polymerized in bulk solution (A-C) and
confined inside cell-sized liposomes (D-G). (A-C) Bulk actin networks formed in the absence
(A) and presence (B and C) of fascin. (D-G). Actin networks inside liposomes formed in the
absence (D and E) and presence (F and G) of fascin. R indicates the molar ratio of fascin to
actin. Actin concentrations: (A-C) 12 uM and (D-G) 23.8 uM in the swelling solution (after
encapsulation, ~12 puM is present inside the liposomes [68]). Actin is shown in green and
lipid membranes in red. Scale bars: (A-C) 10 um, (D and E) 5 um, (F and G) 20 um.
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FIGURE 2 Confinement-induced cortical shell formation of actin filaments encapsulated in
liposomes in the absence of fascin. (A) Actin fluorescence signals along liposome radius
normalized by the corresponding liposome radius (see Material and Method for detail). A
liposome is classified as exhibiting an cortical shell (“with cortical shell ) if its normalized
shell thickness is below 0.7, otherwise it is classified as “without cortical shell”. Liposome
population sizes: 42 (with cortical shell) and 50 (without cortical shell). (B) Dependence of
actin shell thickness on liposome radius. Note that actin shells are only found in liposomes
with a radius below 8 um, indicating that confinement promotes shell formation.
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FIGURE 3 Morphological characterization of liposomes encapsulating actin-fascin bundles (Rg =
0.05). (A, B) Typical confocal fluorescence images of liposomes sorted by the extent of membrane
deformation (increasing from top to bottom). The panel with (circularity, solidity) = (0.37, 0.72) in (B)
shows a maximum intensity projection (max. int. pro.) of 11 planes over a z-range of 5 um. Red:
membrane, green: actin. Scale bars: 5 um. (C) Summary of all observed liposome shapes in terms of
circularity and solidity. Reddish symbols represent liposomes having no protrusion (42 liposomes)
and black/grayish symbols are liposomes with one or more protrusions (45 liposomes). Color-coded
solid symbols correspond to the confocal images as labeled.
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FIGURE 4 Confocal fluorescence images of typical liposomes with a single (n = 1) and multiple (n =
2 and n > 2) protrusions at low (A) and high (B) fascin-to-actin molar ratio, Re. In the middle image in
(A) n = 2 and the bottom image in (B) n = 2, two confocal images are summed to show the entire
shape, labelled sum 2 images. Images labelled max. int. pro. represent maximum intensity projections
constructed from a confocal stack of p planes over a range z (in um). Scale bars: 5 um, except for the
bottom image in (B) n = 1 where the scale bar is 10 um. Red: membrane, green: actin.




max. int. pro.

R.=0.05

max. int. prgs

FIGURE 5 Characterization of actin-fascin bundles inside liposomes at low (A — C: Rg = 0.05) and
high (D — F: Re = 0.2) fascin-to-actin molar ratio, Re. At Re = 0.05, the actin bundles are softer and
tend to exhibit kinks in the liposome main body (A) and in the protrusions (A and B), see arrows.
Bundles sometimes buckle at the end of a protrusion (C, blue box and enlarged blue rectangular area
on the right panel). By contrast, at R = 0.2, the actin bundles are more rigid and are straight inside the
liposome main body (D), only occasionally gently curved along a protrusion (E), and always straight
at the end of a protrusion (F, arrow). In (B) and (E) maximum intensity projections (max. int. pro.) are
assembled from 25 planes over a total z-range of 12 um in (B) and 21 planes over a total z-range of 10
um in (E). Red: Membrane, green: actin. Scale bars: 5 um.
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FIGURE 6 (A) Dependence of membrane protrusion length on actin bundle stiffness (tuned by the
fascin-to-actin molar ratio, Rg) and membrane stiffness (around 10 kgT for the reference membrane
condition and ca. 10-fold stiffer for the stiff membrane condition [69]). Liposome population sizes
from left to right: 45, 32 and 12. (B) Circularity of the main body of liposomes exhibiting a single
protrusion. Liposome population sizes from left to right: 39, 21 and 12.
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FIGURE 7 (A) Actin bundle thickness quantified by the fluorescence intensity of actin bundles
relative to that of the background actin signal in liposome main body. Liposome population sizes from
left to right: 11, 6, 7, 9. (B) Example intensity profiles of actin bundles. Top: confocal images of
liposomes at Re = 0.2. Red: membrane, green: actin. Scale bars: 5 um. Bottom: fluorescence
intensities are calculated along the actin bundles within the white boxes in the images. The x-axis
shows the horizontal distance, starting from the left (white arrows in the images); the y-axis shows
intensities obtained by integrating along the vertical direction for each horizontal pixel position,
followed by averaging by the vertical pixel length.
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FIGURE 8 Organization of actin-fascin bundles confined in non-protruded liposomes at R = 0.05.
(A) Top: confocal images of actin-fascin bundles inside liposomes (x-y view). Bottom: Orthogonal
side views obtained by generating maximum intensity projections from confocal z-stacks along the y-
z direction (y-z view). The “stiff membrane” liposomes exhibit either a packed cortical ring composed
of actin bundles (i), or multiple cortical rings (ii). (B) Radius of liposomes containing packed or
multiple cortical rings. Radii represent the equivalent radius of a circle having the same cross-
sectional area as the liposome at its equatorial plane. Liposome population sizes from left to right: 11,
10, 6 and 18. (C) Two orthogonal side views obtained by generating maximum intensity projections
from confocal z-stacks along the x-y and x-z directions. The “stiff membrane” liposome contains a
twisted ring-like bundle structure. Red: membrane, green: actin. Scale bars: 5 pm.
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FIGURE S1 (A) Confocal image of a deformed liposome in which the white ellipse presents
the result of fitting its main body contour to an ellipse and the white arrows indicate the
lengths and widths of the body and the protrusion. (B) Left: Distributions of protrusion-to-
body width ratios observed for actin-filled liposomes prepared under different conditions as
labeled. Note that only liposomes having a protrusion-to-body width ratio below 0.3 are
classified as “protruded liposomes” and are shown here. Liposome population sizes from left
to right: 45, 32 and 12. Right: Confocal fluorescence images show a liposome classified as
having no protrusion (top panel, protrusion-to-body width ratio = 0.4) and a liposome
classified as having a protrusion (bottom panel, protrusion-to-body width ratio = 0.07). Red:
membrane, green: actin. Scale bars: 5 um.
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FIGURE S2 Morphological characterization of liposomes encapsulating actin-fascin
bundles at Rg = 0.05. (A) Top: circularity quantifies the deviation of a liposome shape
from a circle. Bottom: solidity quantifies the degree of concavity of a liposome shape
by comparing its area to that of a convex hull enclosing the shape, shown by the red
line. Solidity and circularity range from 1 (for a circle) to 0. (B) The liposome solidity
is inversely correlated with the protrusion length (correlation coefficient = -0.772, p
<0.001). (C) Comparison of circularities of liposomes with (45 liposomes) and
without (42 liposomes) protrusions.



FIGURE S3 3D reconstructions of confocal fluorescence z-stacks obtained for liposomes
encapsulating actin-fascin bundles. (A) A planar ring-like actin bundle structure in a
protruded liposome. (B) Multiple ring-like structures of actin bundles (indicated by the white
arrow head) inside a protruded liposome with two protrusions. Liposomes were formed at the
reference membrane condition and with Rg = 0.05. Note that the smaller structures around the
liposome are small liposomes. Red: membrane, green: actin.
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FIGURE S4 Morphological characterization of a population of 55 liposomes encapsulating
stiff actin-fascin bundles (Re = 0.2). (A and B) Confocal images of liposomes that are
increasingly deformed (top to bottom). Images are single confocal sections recorded at the
equatorial plane of the liposomes, except for the lollipop (0.36, 0.89), where 2 confocal
images are summed to show the entire shape (sum of 2 images), and for the lollipop (0.15,
0.44) and (0.09, 0.37), where maximum intensity projections (max. int. pro.) are shown
composed of p planes over a total z-range (z in um) of (p = 21, z = 10) and (p = 22, z = 10.5),
respectively. Red: membrane, green: actin. Scale bars: 5 um. (C) The broad range of
liposome shapes can be summarized in terms of circularity and solidity. Reddish symbols
represent liposomes having no protrusion (23 liposomes) and black/grayish symbols represent
liposomes with one or more protrusions (32 liposomes). Color-coded solid symbols
correspond to images of liposomes in (A) and (B). (D) Circularities of liposomes with and
without protrusions. Similar to the liposomes formed at low R, protruded liposomes have a
lower circularity than most non-protruded liposomes. (E) The solidity is inversely correlated
with the protrusion length (correlation coefficient = -0.724, p < 0.001).
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FIGURE S5 (A) Fluorescence intensity of unbundled actin inside liposomes. Liposome
population sizes from left to right: 9, 6, 7, 9. (B) There is no correlation between the
fluorescence intensities of actin bundles and of unbundled actin in each liposome (correlation
coefficient = 0.1258, p = 0.5001).



100

2
S L o
O
= 80 F reference stiff -
8 membrane condition membrane
S
= 60} i
S
(<) L |
35
2 40} .
e
@)
| - L. e
o R.=0.05 R =0.2 R.=0.05
Y
o 20F J
@)
'_': S o
©
oc 0
total liposomes 104 63 47
excess membrane area  14.0% 14.2% 17.6%

FIGURE S6 Membrane bending rigidity affects the likelihood of membrane protrusion
formation. In all cases, the membranes are floppy with an estimated excess membrane area of
14-17%. At the stiff membrane condition, the membrane is decorated with neutravidin.
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FIGURE S7 Morphological characterization of a population of 43 liposomes encapsulating
actin-fascin bundles (Rg = 0.05) at the stiff membrane condition, where neutravidin molecules
are bound to the liposome membrane via biotinylated lipids. (A and B) Confocal images of
liposomes that are increasingly deformed (top to bottom). In (A), maximum intensity
projections (max. int. pro.) of confocal sections of liposomes are shown where the number of
planes (p) over a total z-range (z, in um) are (p =30,z =14.5), (p=17,z=8),(p=19,z =
9), (p = 24, z = 11.5) from top to bottom. In (B), images are confocal sections recorded at the
equatorial plane of the liposomes. Red: membrane, green: actin. Scale bars: 5 um. (C)
Liposome shapes are summarized in terms of circularity and solidity. Reddish symbols
represent liposomes having no protrusion (31 liposomes) and black/grayish symbols represent
liposomes with one protrusion (12 liposomes). Color-coded solid symbols correspond to
images of liposomes in (A) and (B). (D) Circularities of liposomes with and without
protrusions. (E) The solidity is inversely correlated with the protrusion length (correlation
coefficient = -0.9057, p < 0.001).
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FIGURE S8 Liposomes encapsulating actin-fascin bundles formed at the stiff membrane
condition, obtained by decorating the membrane with Alexa350-labelled neutravidin. The
neutravidin signal (left) co-localizes with the membrane signal (right) along the liposome
main body and protrusion.
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FIGURE S9 Influence of actin bundle stiffness (modulated by Rg) and membrane stiffness
(modulated by decorating the membrane with neutravidin) on liposome protrusion width.
Liposome population sizes from left to right: 45, 32 and 12.
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FIGURE S10 Test of membrane lamellarity distribution. (A) Membrane fluorescence
intensities of liposomes at the reference membrane condition and at the stiff membrane
condition. We note that the membrane image corresponding to the data point that has the
highest membrane fluorescence intensity value in exp2 at the stiff membrane condition has a
few pixels having fluorescence intensity values exceeding the pixel bit depth. Liposome
population sizes from left to right: 25, 8, 26, 17. (B) Membrane fluorescence intensities of
liposomes with and without protrusions obtained in expl at the reference membrane
condition and at the stiff membrane condition. Liposome population sizes from left to right:
15, 10, 10, 16. There is no correlation between membrane fluorescence intensity (i.e.
lamellarity) and the likelihood of membrane protrusions.
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FIGURE S11 Agarose content in liposomes, quantified by the fraction of a 1% (w/w)
agarose solution that remains inside the liposomes after formation. (A) Confocal fluorescence
images of two liposomes, (i) and (ii). Left: fluorescence signals of liposome membranes.
Right: fluorescence signals of fluorescently labelled agarose. (B) Agarose content in
liposomes with population sizes from left to right: 145, 187 and 156. The average value of
agarose content in each experiment is indicated below the graph. Note that in one liposome
the agarose content is 250%, indicating a high concentration of agarose inside the liposome,
perhaps due to a crowding phenomenon.
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FIGURE S12 Agarose content in liposomes encapsulating actin-fascin bundles, guantified
by the fraction of a 1% (w/w) agarose solution that remains inside the liposomes after
formation. (A) Confocal fluorescence images of two liposomes, (i) and (ii), and their
corresponding agarose content. In (B), the average value of agarose content in each
experiment is indicated below the graph. In (C), for each experiment, the agarose content of
liposomes with and without protrusions is shown separately. Liposome population sizes from
left to right: (B) 143, 72 and 21, (C) 53, 90, 16, 56, 4 and 17.



FIGURE S13 Confocal fluorescence images of PVA-formed liposomes encapsulating actin-
fascin bundles (Rr = 0.05). Similar to agarose-formed liposomes, we observe a range of
morphologies, from non-protruded, to lemon-like, and protruded. Red: membrane, green:

actin. Scale bars: 5 um.



analyzed liposomes with defects discarded liposomes

FIGURE S14 (A-G) Confocal fluorescence images of liposomes having defects that are
deemed sufficiently minor to include in the morphological analysis (around 5% of a total of
70 liposomes at the reference membrane condition). Defects included: (A) a smaller liposome
inside a larger liposome, (B and C) smaller liposomes adhered to the inside of liposome main
bodies, (D and E) membrane tubes adhered to liposome membranes, and (F and G)
membrane aggregations or tubes adhered to the end of a protrusion or to the main body of
liposomes. (H-K) Confocal fluorescence images of liposomes that are discarded from the
analysis because membrane shape and/or actin organization are potentially affected by the
encapsulated membrane tubes or aggregates, as indicated by the white arrows (around 30% of
a total of 70 liposomes at the reference membrane condition). Images are single confocal



sections recorded at the equatorial plane of the liposomes, except for (F), (G) and (K), where
maximum intensity projections are assembled from 31 planes over a total z-range of 15 um in
(F), 24 planes over a total z-range of 11.5 um in (G) and 20 planes over a total z-range of 9.5
um in (K). Red: membrane, green: actin. Scale bars: 5 um.



