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The cytoskeleton is a collection of protein assemblies that dynam-
ically impose spatial structure in cells and coordinate processes such
as cell division and mechanical regulation. Biopolymer filaments,
cross-linking proteins, and enzymatically active motor proteins
collectively self-organize into various precise cytoskeletal assemblies
critical for specific biological functions. An outstanding question is
how the precise spatial organization arises from the component
macromolecules. We develop a system to investigate simple physi-
cal mechanisms of self-organization in biological assemblies. Using a
minimal set of purified proteins, we create droplets of cross-linked
biopolymer filaments. Through the addition of enzymatically active
motor proteins, we construct composite assemblies, evocative of
cellular structures such as spindles, where the inherent anisotropy
drives motor self-organization, droplet deformation, and division
into two droplets. These results suggest that simple physical princi-
ples underlie self-organization in complex biological assemblies and
inform bioinspired materials design.

active matter | liquid crystal | actomyosin | tactoids | spindle

pontaneous organization occurs in biology at all length scales,

from organelles and tissues to organisms and populations (1-
3). For instance, during cell division, self-organized macromolec-
ular assemblies drive localization of chromosomes to the cell
midplane, segregate chromosomes, and split the cell into two
daughter cells (4). Each stage relies on molecular species within
the cytoplasm localizing precisely within space and time to regulate
biochemical signals and generate mechanical stresses. While mo-
lecular self-organization principles have been intensely studied (3),
we still lack understanding needed to reconstruct these intricate
processes from purified components in vitro. Elucidating such
principles would yield insights into in vivo regulation, as well as
inform the design of novel, bioinspired, soft materials (5-8).

Biological molecules form unusual and adaptive machinery
that drives physiological processes. The cytoskeleton, composed
of biopolymer filaments and associated binding partners, con-
stitutes a broad class of assemblies that regulate diverse pro-
cesses ranging from cell motility and division to intracellular
transport (9). A critical component of the cytoskeleton is actin, a
protein which polymerizes into semiflexible filaments that as-
semble into elastic-like meshworks and bundles (10). These actin
assemblies are responsible for regulating cell-shape changes and
mechanics (10). Myosin II motors, found as bipolar filaments of
a few hundred polymerized motors, drive relative motion of actin
filaments, generating local force (11). When reconstituted
in vitro, these assemblies exhibit striking dynamical behavior,
where myosin motors drive the compaction and remodeling of
actin networks (12).

In addition to the cytoskeleton, self-organized assemblies in
the cytoplasm are ubiquitous. Liquid-like phases have been re-
cently identified in a variety of proteins and nucleic acids (13, 14)
and are thought to play important roles in subcellular compart-
mentalization (15). Macromolecular liquid droplets have also
been proposed to have been the earliest primitive cells, or pro-
tocells, where reactive contents phase separated from the sur-
rounding environment (16). These macromolecular droplets are
thought of as isotropic liquids (13), characterized by a single
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viscosity and surface tension and lacking internal structure. We
recently reported another type of macromolecular droplet,
where the actin cross-linker, filamin, condenses short actin fila-
ments into liquid droplets (17). While actin filament-based lig-
uids have characteristics of conventional liquids, they are
anisotropic due to internal structure from densely packed fila-
ments, so instead form liquid crystals (17-19). The internal
structure of molecular liquid crystals can be harnessed to drive
processes such as spatial localization of colloidal particles (20,
21). Although the effect of active stresses generated by molec-
ular motors in nematics is an emerging area of research (22-25),
it is unknown in droplets and has no analog in experimental
molecular liquid-crystal systems.

Here, we report macromolecular droplets, composed of actin
liquid crystal embedded with the molecular motor myosin II, that
robustly self-organize and spontaneously change shape. In-
triguingly, these droplets exhibit two essential features of cell
division: localization of species at the droplet midplane and
droplet bisection into two “daughter” droplets. Using fluores-
cence microscopy, we find that individual myosin II filaments
disperse throughout the actin droplet and migrate to the droplet
midplane. Myosin filaments also form clusters that locally distort
actin alignment and, when confined to droplets, drive droplet
division into two daughter droplets of equal volume. We develop
a continuum model, based on the alignment of rods in a struc-
tured fluid, to describe motor centering. By extending the model,
through representing a motor cluster as a spherical colloid which
favors radial alignment of actin, we capture droplet division. Of
note, the data suggest that the role of enzymatic activity is to
change the geometry of local actomyosin interactions, which we
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represent as changes in colloid geometry in our model. Our re-
sults highlight that structural changes to droplets can be induced
by colloidal objects, which potentially provides insight into
physical mechanisms of center finding in biology and cell di-
vision, as well as informs the design of geometry-sensing and
adaptive materials.

Results

To create structured actin droplets, we cross-link dilute (2.6 pM
actin monomer), short (~200 nm) actin filaments with the actin-
binding protein filamin (10 mol%; SI Appendix). Using confocal
microscopy, we find that filamin quickly condenses short actin
filaments into micrometer-sized spindle-shaped droplets, called
tactoids (17). These droplets are composed of densely packed
actin filaments surrounded by a vanishingly low bulk actin con-
centration (Fig. 1 4 and B) (17). These droplets have properties
of liquids, including an interfacial tension that determines their
shape, growth through coalescence, and subunit diffusion (17).
However, since the liquid is made of densely packed filaments,
the filaments entropically align to form a nematic liquid crystal,
where filaments have orientational order, giving rise to the tac-
toid shape (26, 27).

To investigate the effects of molecular motors in these struc-
tured droplets, we create composite actin droplets containing
skeletal muscle myosin II. Under these conditions, the myosin
polymerizes into filaments, where each filament has hundreds of
individual myosin heads and is ~1 pm long and ~30 nm in di-
ameter (28). Adding the cross-linker filamin to a solution of
prepolymerized actin and myosin II induces the condensation of
actin droplets embedded with myosin motors (Fig. 1B). These
composite droplets have strikingly consistent features and shape,
which are modulated by myosin concentration. For low myosin
concentration, we observe that myosin punctae accumulate at
the midplane of the droplet (Fig. 1C and Movie S1). The rod-like
myosin puncta are near diffraction-limited in width and ~0.8—
1.6 pm in length (SI Appendix, Fig. S1), consistent with individual
myosin filaments. The rod-like puncta align with the tactoid long
axis and stack across the droplet midplane. At higher myosin
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concentration, myosin II forms micrometer-sized clusters of
myosin puncta. These clusters localize to droplet poles, while the
droplet volume remains devoid of myosin (Fig. 1D and Movie
S2). The myosin clusters either join two similarly sized actin
droplets together (“bisected”) or associate with isolated droplets
(“separated”) (Fig. 1D and Movie S2).

We use time-lapse fluorescence microscopy to explore the
formation of bisected droplets. Although we miss the earliest
droplet configuration, we find that isolated myosin puncta ac-
cumulate and cluster at the droplet midplane, over a few minutes
(Fig. 1E and Movie S3; t = 0 is defined as the beginning of the
movie). As myosin clusters accumulate, they become larger and
rounder (SI Appendix, Fig. S1) and locally distort the actin
droplet near the myosin cluster. This eventually leads to a single,
micrometer-sized myosin cluster that distorts the droplet in-
terface significantly enough to bisect the droplet into two smaller
droplets (Fig. 1F). Bisected droplets are dynamic, where droplets
occasionally spontaneously detach from the myosin cluster,
yielding two individual, myosin-free droplets and an isolated
myosin cluster with attached actin over ~1 min (Fig. 1F and
Movies S4 and S5). Thus, actomyosin droplets exhibit sponta-
neous component centering and break up into two equal
daughter droplets, reminiscent of active processes critical in bi-
ological cell division.

To investigate how composite droplet morphology varies with
myosin concentration and enzymatic activity, we use two differ-
ent methods to prepare myosin filaments with different levels of
enzymatic activity and vary the concentration of motors. Stock
solutions of myosin motors that have been frozen and thawed
contain a significant proportion of motor domains that are in-
active; that is, motors that bind to actin with high affinity and do
not undergo a power stroke (low percent active motors) (S
Appendix) (29). To create myosin filaments containing a higher
proportion of enzymatically active motors, a “clean-up” step
after thawing is included to remove monomeric myosin that ir-
reversibly bind to actin in the presence of high ATP (high per-
cent active motors) (SI Appendix). At the lowest concentrations
(2.4 nM), myosin prepared with a high percentage of active
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Fig. 1. Molecular motors self-organize and deform biopolymer droplets. (4) Cartoon of experimental system used to make actin droplets. Fluorescence images of
filamin cross-linked short actin filaments condensed into droplets. (B) Cartoon of experimental system used to make actin droplets containing myosin filaments. (C,
Upper) Fluorescence image of myosin Il (white) organized at the midplane of actin droplets (red). (C, Lower) Close-up of single droplet with motors “centered.” (D,
Upper) Image of myosin Il (white) clustered at the center of “bisected” droplets (red). (D, Lower) Close-up image of a bisected droplet, with the myosin cluster
bridging droplets in a dimer and a “separated” droplet, where the myosin cluster localizes to the droplet pole. (E) Fluorescence images of myosin Il puncta (white)
migrating to the actin droplet (red) midplane as single rods, clustering, and bisecting the droplet (0 min defined as the beginning of data collection). (F) Image
sequence of a motor cluster severing from actin droplets. (G) Distribution of actin-myosin droplet morphologies as a function of myosin concentration for a high
proportion of active myosin motors (Upper) and low proportion of active motors (Lower), with fraction of centered, bisected, and separated morphologies observed.
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heads exclusively center to the droplet midplane (Fig. 1G). As
the myosin concentration increases beyond 6 nM, myosin pre-
pared with a high percentage of active heads cluster and pri-
marily form bisected droplets, with more separated droplets at
the highest myosin concentration (Fig. 1G). To clarify how these
structures depend on motor enzymatic activity, we perform ex-
periments with a low fraction of active heads (SI Appendix). In
these samples, myosin organize at the droplet midplane over all
myosin concentrations, while rarely clustering in or dividing
droplets (3 droplets divided in 280 droplets surveyed; Fig. 1G
and Movie S6). This suggests that droplet bisection and sepa-
ration are strongly dependent on motor enzymatic activity,
whereas myosin centering is less so.

Myosin and Droplet Structure Drives Midplane Localization. The
earliest droplets that we observe already have myosin at the
midplane. Nevertheless, we can investigate the centering process
by examining droplets shortly after they coalesce into a larger
droplet (17). Immediately after coalescence of composite drop-
lets, myosin is distributed throughout the droplet (Fig. 24 and
Movie S7). Over minutes, myosin puncta migrate to the midplane
(Fig. 24 and Movie S7). The probability distribution of myosin
localization as a function of distance, d, from the droplet midplane
normalized to its length, Lp, for 50 coalescence events indicates
that this centered organization is general (Fig. 2B). Within 2 min
of coalescence, ~90% of myosin puncta are dispersed along the
central 40% of the droplet long axis (Fig. 2.4 and B). By 5 min,
65% of myosin puncta are at the midplane. Thus, myosin fila-
ments initially located in distal droplet regions migrate to the
droplet midplane.

To gain insight into the mechanism of myosin self-organization,
we track the dynamics of individual myosin puncta. Tracking the
normalized distance from the midplane, d/Lp, as a function of
time suggests that myosin puncta initially located far from the
midplane have steep trajectories directed toward the midplane,
where d/Lp = 0 (Fig. 2C). By contrast, myosin initially located

near the midplane undergo only small displacements (Fig. 2C).
Taking the myosin speed to reflect the free-energy landscape,
these data suggest that myosin at the droplet midplane have lower
free energy compared with distal droplet locations. To quantify
how myosin speed varies across the droplet, we extract the initial
velocity from a linear fit to the early trajectory (Fig. 2 C, Inset and
SI Appendix). Myosin puncta located near the midplane (d <
1.5 pm) have low initial speeds (~1.4 nm/s), while their speeds
increase to ~6—10 nm/s when farther from the midplane (d >
2 pm) (Fig. 2D). These speeds are at least 100-fold slower than the
unloaded gliding filament velocity of skeletal muscle myosin (30, 31).
The low speeds indicate that actomyosin sliding is not likely re-
sponsible for myosin centering, consistent with our finding that
centering occurs with reduced motor activity (Fig. 1G, Lower).

More than 90% of the centered myosin puncta align with the
droplet major axis to within 10° (Fig. 2E). This is consistent with
the known preference of myosin II filaments to bind to actin
filaments, such that there is a high degree of alignment between
their long axes (32). By sectioning the droplet midplane in z, we
find that myosin are not only aligned, but also embedded
throughout the bulk of the droplet, indicative of strong actin—
myosin interactions (Fig. 2 E, Inset). Actin filament orientation
varies spatially across the liquid-crystal droplet. Since we expect
actin filaments to be splayed at the droplet poles and parallel to
the droplet long axis near the midplane (Fig. 2F, cartoon; red
lines indicate filament alignment) (33), we hypothesize that
centering arises from the energetics of embedding the myosin
rod in a structured actin droplet.

To gain further insight, we consider a continuum model where
we model a single myosin II filament as an elongated rod of
length Ly, that interacts with orientationally aligned actin fila-
ments in its vicinity. The myosin rod is embedded in a droplet
with a long axis, 2Lp, where a bipolar director configuration
represents the local alignment of actin filaments. In this con-
figuration, the curved director lines are parallel at the midplane
and splayed near the droplet poles (Fig. 2F, cartoon, and SI
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Fig. 2. Motors migrate to regions of minimum nematic splay. (A) Fluorescence microscopy image sequence of myosin Il motors (white) in an actin droplet (red) (t =
0 min is defined as when tactoid reaches rest length after coalescence; Movie S7). (B) Probability distribution for motors along the droplet long axis, binned at regular
intervals as a function of distance from the droplet midplane, normalized to the droplet length Ly (n = 50 droplets). (C) Myosin Il puncta positions in the droplet in A
over time. Distance is measured from the droplet midplane. Line is an exponential fit to the data. (D) Initial myosin Il puncta speed as a function of initial distance from
the droplet midplane for myosin in droplets with length 3.6 pm (black x’s), 4.4 pm (blue open circles), and 5.1 pm (green diamonds). (E) Probability of alignment of
myosin Il puncta along droplet axis. (E, Inset) Fluorescence microscopy image of myosin Il puncta aligned at midplane. Averaging over the region in yellow in y and
projecting z indicate that myosin Il puncta are distributed throughout the droplet bulk. (F) Continuum-model free-energy plots of two myosin puncta of different
lengths as a function of their position within a tactoid of length, L = 3.2 pm. The free-energy scale in relation to kgT is determined from the diffusive kinetics of

centering puncta obtained from Fig. 2D.
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Appendix, Fig. S2). Myosin 1I filaments are ~30 nm wide, thin
enough not to distort the surrounding actin nematic, in which we
estimate a ~50-nm spacing between actin filaments (17). We
impose a strong orientational preference to represent the mutual
alignment of myosin and actin filaments (32). Based on this
geometry, we calculate the energetic cost of misalignment of the
myosin rod, AF(d), expressed in terms of rod displacement, d,
from the droplet midplane (SI Appendix). The resulting free-
energy landscape of the rod has a minimum at the droplet
midplane (Fig. 2F). As d increases, the rod interacts with more
splayed directors, resulting in larger misorientation angles and
higher energetic cost. For a longer rod (Ly = 1.5 pm; Fig. 2F,
blue), the cost of misalignment is higher than for a shorter rod
(Lm = 0.3 pm; Fig. 2F, red).

We consider whether thermal forces would be sufficient to
drive motor rearrangements and consider the motors to be dif-
fusive in the free-energy landscape, AF(d). We consider that a
single motor filament experiences a centering force, f(d), and use
a harmonic approximation such that f(d) = kd, where k is the

spring constant. The associated free energy, AF = kd?/2, may be
2

written as Fy- % , where F is approximately the work re-

quired to move a motor across the droplet. The centering speed,
v, is determined by the equality of f(d) and the drag force, I'v.
The centering timescale of ~10 min for motors near the mid-
plane (Fig. 2D) is I'/k. Although we expect that, like all struc-
tured fluids (34), the viscous drag is anisotropic, we use a
previously estimated viscosity of actin tactoids, n ~ 3 Pa-s, which
does not distinguish between anistropic components (17), to
estimate the friction coefficient I', from which we obtain k and
the corresponding energy scale, Fo~k L% ~10 kgT (SI Appen-
dix). We then rescale the free-energy values with respect to
thermal energy (Fig. 2F). The model predicts that the motor
filaments drift toward the droplet midplane and center up to
distances at which the centering energy becomes comparable to
the thermal energy. We expect low centering speeds within a few
micrometers of the midplane (Fig. 2F), consistent with experi-
mental measurements of low velocities that are seemingly in-
dependent of d in that region (Fig. 2D). Thus, a model where
rod-like myosin filaments center by optimizing their location
within the structured actin droplet via thermally driven motion is
consistent with our experimental data.

Myosin Clusters Deform and Divide Droplets via Disrupting Nematic
Aligment. We next seek to understand how myosin localization at
the droplet midplane results in droplet deformation. In the ab-
sence of myosin, actin droplets do not spontaneously divide (17),
suggesting that myosin activity generates forces that counteract
droplet interfacial tension and actin alignment to drive shape
changes. In droplets containing myosin with a low proportion of
active motors, myosin clusters and droplet distortion are only
seen in 1% of droplets (n = 280 droplets), whereas clusters are
seen in in 97% of droplets containing myosin with a higher pro-
portion of active heads (n = 1,961 droplets). This suggests that the
ability for myosin filaments to form clusters is related to enzymatic
activity. Rod-like myosin filaments embedded within the actin
droplet cause no local shape distortion or variation in the actin
intensity (Fig. 3 A, i). Over time, myosin filaments rearrange into
clusters, defined by their area and width (SI Appendix, Fig. S1).
During clustering, puncta aggregate, increasing in area and be-
coming rounder (Fig. 3 A4, ii-iv and SI Appendix, Fig. S1). Simul-
taneously, the droplet shape distorts at the myosin cluster location.
Near large clusters, the amount of actin is depleted, as a precursor
to droplet separation (Fig. 3 A, iv).

We propose that droplet distortions arise from changes in
actin filament organization around myosin during clustering.
Colloidal inclusions suspended in a nematic liquid crystal can

11128 | www.pnas.org/cgi/doi/10.1073/pnas.1814854116

Fig. 3. Molecular motors distort actin alignment and induce droplet defor-
mations. (A) Fluorescence images of actin (Upper) and actin and myosin
(Lower; red, actin; white, myosin) in composite droplets. Individual myosin
puncta do not visibly distort actin droplets (A, i), while small myosin puncta
clusters distort the droplet interface (4, ii and jii), and large clusters divide
droplets (A, iv). (B) Fluorescence images of an actin nematic, crowded to a thin
(<1 um) layer, showing actin (Upper) and actin and myosin (Lower; red, actin;
white, myosin). Small myosin puncta align with the nematic (B, i), while larger
myosin puncta and clusters distort the orientation of actin within the nematic
(B, ii~iv). The scale bar applies to all images within each part (A and B).

distort and induce topological defects in the surrounding nematic
(20). The nature of the distortion induced by a colloid depends
on its size and anchoring, the preferential alignment of liquid-
crystal constituents at the colloid surface. To investigate this, we
examine the impact of myosin cluster shape and size on actin fil-
ament alignment in thin nematic layers of actin liquid crystals,
where actin alignment is visible (SI Appendix) (23). In thin ne-
matics, rod-like myosin puncta align parallel to actin filaments (Fig.
3 B, i). By contrast, myosin clusters impose local distortions in the
nematic, such that actin filaments are canted around the cluster
(Fig. 3 B, ii-iv), consistent with previous data showing that myosin
clusters impose a radial arrangement of actin filaments (35).
Motivated by these experimental observations, we extend our
continuum model to capture dividing droplets by representing
the myosin cluster as a spherical colloid that imposes anchoring
normal to its surface (Fig. 44). In a bulk nematic, a colloid with
normal anchoring creates defects in its vicinity (20, 21). In con-
trast to typical colloidal inclusions, myosin clusters bind to the
surrounding actin, which we represent by an adhesion energy per
unit area on the colloid surface, w. The bipolar droplet shape
results from an optimization of the bulk nematic elastic and in-
terfacial energies, with strong anchoring at the droplet interface
(33). Since the myosin clusters impose normal anchoring, the
radial convergence of the actin filaments near the droplet pole
presents an optimal anchoring configuration. Like any liquid
droplet, a single nematic droplet has lower interfacial energy
than two such smaller droplets with the same total volume.
However, we find that for droplets in contact with an adhesive
colloid, the energetic gain from increased wetting of the colloid’s
surface counteracts the elastic and interfacial energetic cost of
deforming the droplet, leading to the minimum configuration of
a bisected droplet (SI Appendix). As the colloid size or adhesion

Weirich et al.
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Fig. 4. Molecular motors bisect biopolymer droplets. (A) Total free energy from a continuum model of two droplets adhered to a colloid as a function of a
droplet division parameter, L, x (La + Lg)~". Droplets are nematic and bipolar, with lengths L, and L, and mechanical energy given by surface tension, y, and
the nematic elastic energy. Droplet length varies, while the total droplet volume is held constant. The colloid, which represents the motor cluster, has normal
anchoring and adhesion energy per unit area, w. When w is large compared with the droplet mechanical energy, equal division of droplets is favorable (blue),
while for lower w, a single droplet is favorable (red). Free-energy curves are normalized to display minima. While in this model, droplets are nearly spherical,
similar qualitative behavior is calculated for very elongated bipolar droplets (S/ Appendix). (B) Comparison of droplet length on either side of experimentally
observed bisected droplets. Blue line indicates a slope of one. (C) Fluorescence images of an isolated droplet coalescing with a bisected droplet. (D) Phase
space predicted by the continuum model of droplet division resulting from competition of droplet mechanical energy and adhesion with colloid (Fig. 4A).
Black points indicate the boundary between a free-energy minimum and maximum in the equally divided state. Red points mark the transition between an
unequal divided droplet, where one droplet is much smaller than the other, and a single whole droplet. () Cartoon summarizing motors in biopolymer
droplets. Red stars indicate transitions where activity is hypothesized to be necessary.

strength increases compared with the droplet interfacial tension, We can theoretically explore how systematically changing the
the resulting adhesive energetic gain overwhelms the energetic  adhesion influences the preferred configuration of the actin
cost of increasing the interface through shape distortions. In this  droplet and myosin cluster. For low adhesion, the preferred
case, two new droplet poles are created, and the motor cluster  configuration is a single large droplet with a myosin cluster at the
positions at the center of two, smaller droplets (Fig. 4 A, blue).  pole. At intermediate adhesion, two droplets of unequal volume
While this equilibrium-bisected state requires both strong ad-  can form as a result of the competition between droplet in-
hesion and anchoring, it is possible that the normal anchoring  terfacial energy and adhesion with colloid surface, while at

imposed by the colloid can distort the droplet into a long-lived,  higher adhesion, the two droplets are of equal volume (Fig. 4D).
intermediate, bisected state before it relaxes to a different pos-

sible final configuration not observed within the experimental — Discussion

timescale. In contrast, when the adhesion is small compared with Here, we have introduced structured fluid droplets that exploit
the interfacial tension, the droplet is not deformed, and the geometry sensing to generate spatia] Organization and drive
energetic minimum occurs when the colloid is at a droplet pole  shape change. While there are many potential manifestations of
(Fig. 4 A, red), consistent with observations of colloids in ne-  geometry sensing, we focus on droplets that exhibit essential
matic molecular liquid-crystal droplets (35), which have charac-  agpects of cell division: center-finding and division into two
teristically higher interfacial tension than the actin tactoids (17).  jdentical daughters. The droplet shape evokes the mitotic spin-
dle, and the center-finding is reminiscent of chromosome
alignment at the spindle midplane. Our droplets comprise bio-
molecules quite distinct from those in the spindle, so similar-
ilities highlight potentially shared physical mechanisms. In fact,
spindle shape and dynamics are captured by the physics of active
structured fluids (25). While structured fluids, such as molecular
liquid crystals, have long been used to organize colloids at de-

Droplets Prefer to Divide Equally. Strikingly, myosin clusters typi-
cally bisect droplets, with the resultant two droplets always ap-
parently equal in size (Fig. 4B). Indeed, comparing the lengths
on either side of a bisected dimer indicates that the motor cluster
precisely divides the droplets into two equal droplets (Fig. 4B).
The coalescence of a divided droplet dimer with an isolated
droplet provides further evidence for the strong preference > . ;
of droplet bisection (Fig. 4C and Movie S8). In this case, an fects and interfaces (20, 21, 36-39), here, we exploit colloid af-
isolated droplet coalesces with one droplet of the dimer, tem- finity to the‘ hqmﬁi constituents to change the' epergetlcally
porarily leading to the myosin cluster bridging two droplets of ~ favored locations within the liquid-crystal bulk. This interplay of
disparate sizes (Fig. 4C; 1-2 min). However, the actin redis- adhesion, interfacial tension, and elasticity potentially has im-
tributes over a few minutes until the droplets on cither side of ~ plications in regulation of spatial organization in subcellular
the myosin cluster are again equal. This indicates that the dimer  liquid droplets beyond the spindle, in primitive and synthetic
with equal-sized droplets is a favored stationary configuration ~ cells, and other macromolecular droplets such as coacervates
rather than a trapped state arising from the individual myosin (25, 40-42). In the future, this system can be extended to elu-
puncta migrating to the droplet midplane before forming a  cidate how colloid adhesion and shape, together with fluid
cluster. Thus, adhesion from motor binding is large enough to  structure, direct spatiotemporal organization in structured fluids,
favor redistribution of droplet material into two equal droplets. ~ which may inform the design of novel structured, soft materials.
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A key feature of biological cells that remains elusive to re-
construct in synthetic systems is cell division (42, 43). Driving
droplet shape changes has an energetic penalty associated with in-
creasing the amount of droplet interface due to an interfacial ten-
sion. Typically, activity is invoked in theoretical arguments to
provide the energy associated with deforming the interface (16, 44,
45). By contrast, here, we demonstrate a mechanism by which
droplet division can occur passively, as a mechanical equilibrium
state resulting from the competition between colloid adhesion with
the droplet and the droplet energetics (Fig. 4F). Droplet division
has also been theoretically proposed to be mediated by liquid-crystal
defects for a droplet geometry and anchoring distinct from this
system (46). Our model of passive rods in a structured droplet
captures the key observation that myosin filaments center, even with
reduced enzymatic activity (Fig. 4 E, i and ii)). Although our proposed
model indicates that droplet and colloid geometry are key factors in
driving the localization of motor proteins, it does not exclude the
possible contributions of motor activity in our experiment. Likewise,
the passive model of an adhesive colloid with radial anchoring is
sufficient to capture the preference for a droplet to form two equal
droplets attached to the colloid (Fig. 4 E, iv). We hypothesize that
enzymatic activity is key to regulate changes in colloid shape and
binding interactions, in this system manifesting as the changes in
myosin geometry during clustering (Fig. 4 E, iii, active contribution
indicated by red star). We also hypothesize that activity is key to the
complete separation of bisected droplets (Fig. 4 E, v, red star).

While the fluid structure in molecular liquid crystals is used to
spatially organize colloids in droplets (21, 38, 39), our research
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suggests colloidal wetting as a strategy to drive droplet deforma-
tions. In particular, we present a robust approach to drive droplet
division into two equal daughters. In lyotropic systems such as these
actin-based droplets, the entropic effects are much more prominent
compared with molecular liquid crystals due to the longer lengths
of the nematogens (actin filaments) and colloids (myosin fila-
ments). This different length scale may be critical to using colloids
to drive shape changes. An exciting area of future research will be
to utilize large, macromolecular liquids and chemical activity based
on these mechanisms to sense geometry, robustly organize, and
induce deformations to create novel, adaptive soft materials.

Methods

To prepare composite structured droplets, we add 10 mol% filamin cross-
linker to 2.6 pM actin, polymerized into ~200-nm filaments, where fila-
ment length is regulated by capping protein (1.5 mol%), in the presence of
skeletal muscle myosin Il. To prepare thin nematic actin layers, we add
1.1 nM skeletal muscle myosin Il to a layer of actin filaments (2.6 pM, 1.2 mol%
capping protein) crowded at a passivated surface by 0.4 wt% methylcellulose.
Details of all methods can be found in S/ Appendix.
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