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Self-organized stress patterns drive state transitions
in actin cortices

Tzer Han Tan'*, Maya Malik-Garbi**, Enas Abu-Shah*3#, Junang Li', Abhinav Sharma***,
Fred C. MacKintosh*%7, Kinneret Keren>*®¥, Christoph F. Schmidt>®'%, Nikta Fakhri'*

Biological functions rely on ordered structures and intricately controlled collective dynamics. This order in living
systems is typically established and sustained by continuous dissipation of energy. The emergence of collective
patterns of motion is unique to nonequilibrium systems and is a manifestation of dynamic steady states. Mech-
anical resilience of animal cells is largely controlled by the actomyosin cortex. The cortex provides stability but is, at
the same time, highly adaptable due to rapid turnover of its components. Dynamic functions involve regulated
transitions between different steady states of the cortex. We find that model actomyosin cortices, constructed to
maintain turnover, self-organize into distinct nonequilibrium steady states when we vary cross-link density. The
feedback between actin network structure and organization of stress-generating myosin motors defines the sym-
metries of the dynamic steady states. A marginally cross-linked state displays divergence-free long-range flow pat-
terns. Higher cross-link density causes structural symmetry breaking, resulting in a stationary converging flow pattern.
We track the flow patterns in the model actomyosin cortices using fluorescent single-walled carbon nanotubes as
novel probes. The self-organization of stress patterns we have observed in a model system can have direct im-
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plications for biological functions.

INTRODUCTION

The cell cortex is a quasi—-two-dimensional (2D) dissipative structure
of dynamically cross-linked actin filaments that continuously po-
lymerize and depolymerize (I, 2). This network is anchored to the
cell membrane and is internally activated by myosin motor proteins
and affected by external forces exerted by the cellular environment
(1). The cortex provides mechanical integrity and rigidity to cells over
extended time scales, while its components turn over within minutes
(3-6). In addition, the cortex undergoes marked reorganizations during
cellular processes such as division, generation of polarity, and motil-
ity (7-9). These processes often entail transitions from homogeneous
to inhomogeneous states via network contraction (10, 11) and typi-
cally display marked fluctuations (12-16). An intriguing question is
how the cortex achieves the feat of switching between stability and
large-scale reorganization.

Cortex structure and dynamics are controlled by a subtle inter-
play between actin turnover and network connectivity, as well as strains
and stresses generated by nonmuscle myosin motors, all regulated by
complex biochemical pathways (17-20). Characteristic time scales of
biochemical kinetics are on the order of seconds (17, 21, 22). A quan-
titative understanding of cortical dynamics requires experimental
model systems in which one can decouple biochemical signaling
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from network dynamics. A bottom-up reconstitution of a realistic model
cortex from minimal components has not been achieved. Reconstitu-
tion of myosin-driven actin solutions has displayed interesting dynam-
ics (11, 23-25) but remains far from real cortex, primarily because of the
lack of actin turnover.

Experimental access to the active mechanics of cellular and model
cortices has been severely limited. Techniques such as atomic force
microscopy indentation (26) or pipette aspiration (27) only provide
global, coarse-grained measurements, not capturing spatial in-
homogeneity, anisotropy, and time dependence (17). Microrheology
(28) could, in principle, provide local information, but its use in the
cortex has been limited by the lack of suitable probes; micrometer-
sized colloidal beads are too large to penetrate the thin cortex with-
out perturbing it, while nanometer-sized particles, such as quantum
dots, are too small to remain in the network for long enough to probe
it. Here, we use high-aspect ratio single-walled carbon nanotubes
(SWNTs) as “stealth” probes. Using this novel approach, we discover
that a subtle interplay between mechanical percolation of the net-
work and propagation of myosin-generated stresses leads to struc-
turally and dynamically distinct steady states in model actomyosin
cortices.

RESULTS

We formed dynamic cortices in vitro by encapsulating Xenopus egg
extract in water-in-oil emulsion droplets (Fig. 1) (29). Localization of
ActA protein to the water-oil interface activated Arp2/3-mediated
nucleation of branched actin filaments (Fig. 1B), generating homo-
geneous, ~1-pm-thick cortical actin networks. These networks ex-
hibit continuous actin turnover with a typical time scale of ~1 min
(fig. S1), confirming earlier results (29), as well as myosin-driven
network dynamics in a stable cell-like geometry. Droplets were flat-
tened and confined between hydrophobic coverslips for observation,
thus allowing us to observe the dynamics in a simple 2D geometry,
avoiding the complex 3D geometry of the cell membrane. The droplets
were ~100 pm in diameter and had a fixed height of 30 um. The cortical
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Fig. 1. Dynamic model actin cortices. Quasi-2D actin networks were generated by
encapsulating Xenopus egg extract in water-in-oil emulsion droplets and confining
actin polymerization to the interface. (A) Equatorial cross section of flattened droplets.
Simultaneous confocal imaging of Bodipy-conjugated ActA (green, left) and rhodamine-
labeled actin (magenta, right). Amphiphilic Bodipy-ActA localizes to the water-oil
interface and catalyzes the formation of a quasi-2D dynamic actin network by local
activation of Arp2/3. (B) Top: Schematic of the experiment. Cortical dynamics are
tracked near the flat bottom surface of the droplet. There is continuous turnover be-
tween the thin polymeric actin layer and actin monomers in the bulk (arrows). Bot-
tom: Zoomed-in schematic of the essential components of the cortex. IR fluorescent
SWNTSs are inserted as probes of cortex dynamics.

actin networks were imaged by confocal microscopy (Fig. 1A). To
resolve network dynamics with high spatiotemporal resolution, we
used near-infrared (IR) fluorescent SWNTSs as probes (Fig. 1B).
SWNTs are ~1 nm in diameter and ~100 to 300 nm in length (21).
We found that SWNTs easily penetrate the thin cortex without perturb-
ing the network and, due to their large aspect ratio (30), get entrapped
long enough to report on network dynamics. Because of their extreme
photostability, the SWNTs could be tracked over a broad range of time
scales (milliseconds to hours).

In droplets of unmodified diluted extract, we observed homoge-
neous cortices (Fig. 1A) with no discernible network movement. It is
expected that myosins can only drive large-scale movement when the
network is sufficiently cross-linked. Therefore, we increased network
connectivity by adding an actin cross-linker, a-actinin. We found that,
as a function of cross-linker concentration, we could drive the system
into three markedly different dynamic steady states, referred to as low,
intermediate, and high connectivity (Fig. 2).

At low connectivity (0 to 1.5 uM of added o-actinin), cortices re-
mained homogeneous, and SWNTs fluctuated randomly (Fig. 2A
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and movie S1). The homogenous actin distribution reflects a dy-
namic steady state, with continuous actin polymerization catalyzed
by ActA at the surface, balanced by continuous depolymerization to
the bulk (fig. S1). Control experiments with myosin-immunodepleted
extracts showed that the spatially uncorrelated and random probe
motions were largely motor-driven rather than thermally driven
(fig. S2).

At intermediate connectivity (2.0 to 2.5 uM of added o-actinin), co-
herently moving clusters of SWNTSs appeared with diameters of up to
10 um and typical speeds of ~10 um/min. We did not observe any major
changes of cluster sizes during our observation times. Strikingly, the
clusters moved over long distances within the cortex without gener-
ating large-scale density inhomogeneities in the actin distribution
(Fig. 2B and movie S2). Consistently, the SWNT probes moved in
a divergence-free manner. That is, on the scale of the whole droplet,
the flow was purely vortical (fig. S3). This motion was likely driven by
myosin-generated contractile forces acting between clusters. We ob-
served occasional rapid changes of cluster velocities (movie S3) that
can be explained by the rupture of tenuous actin bridges between clus-
ters, contracted by few myosin minifilaments. These rupture events in
conjunction with actin turnover are likely to be the mechanism for lim-
iting cluster size and maintaining homogeneity.

At high connectivity (3.0 to 4.0 uM of added a-actinin), cortices
phase-separated and formed a large cap, which extended over a sub-
stantial fraction of the droplet surface but remained essentially 2D.
Small clusters continuously nucleated and were then pulled radially
toward the cap. This global contraction was visible in both the actin
and the SWNT fluorescence channels (Fig. 2C and movies S4 and
S5). The velocity of the converging clusters was ~10 pm/min in the pe-
riphery and decreased toward the cap (fig. S4 and movie S5). The caps
formed at random positions but, once formed, remained stable over
several hours. The ratio of intensities between the cap region and
peripheral accretion zones also remained constant over time (fig. S5).
This shows that the system is still at steady state, maintained by the con-
tinuous disassembly of actin from the cap and reassembly in the periph-
ery (movie S5).

An important feature of nonequilibrium dynamic steady states is
that they can exhibit order and patterns in structure as well as in mo-
tion. We show here that this can lead to intriguing interdependencies
where transitions in structure drive transitions in patterns of motion
and vice versa. The patterns of motion can be described by a velocity
field, which we mapped using the embedded SWNT probes. Order
and symmetry breaking in the velocity field reflect the spatial orga-
nization of the stress generators. This feature is a distinctly nonequili-
brium phenomenon and cannot occur in thermodynamic equilibrium.
To quantify this dynamic order, we performed a 2D correlation analysis
of SWNT velocities. The analysis shows a rapid but continuous growth
of correlation length at intermediate connectivity (fig. S6). Increasing
correlation length reflects increasing connectivity in the actin cortex.
The shape of the curve (fig. S6) indicates cooperativity. Previously, it
has been shown that cross-linking, in combination with contractile
motors, can cause an actin network without turnover to break up into
individual clusters (31, 32). In contrast to those systems, the clusters
maintain their size in our nonequilibrium steady-state system but are
dynamic, with their lifetime exceeding that of their components.

At intermediate connectivity, patterns of motions fluctuate strong-
ly (movie S2 and Fig. 2B). To quantify fluctuations, we computed
changes of velocity in fixed positions in the cortex. We calculated the
normalized coarse-grained velocity fluctuation autocorrelation in
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Fig. 2. Signatures of distinct steady states. Network percolation can be induced by increasing cross-linker density (a-actinin). Three distinct steady states can be
identified on the basis of qualitative differences in collective network dynamics imaged in the bottom cortical layer in the droplets. (A) Low cross-linking (0 to 1.5 uM of
added a-actinin; images shown, 1.5 uM). (B) Intermediate cross-linking (2 to 2.5 uM of added o-actinin; images shown, 2.5 uM). The colored patches delineate the
particles that moved as clusters at time points gray (10 s), red (100 s), and yellow (200 s; movie S2). (C) High cross-linking (3 to 4 uM of added a-actinin; images shown, 3 uM).
(A to C) Top left: Fluorescence image of inserted SWNT probes. Top right: Confocal image of the actin distribution. Bottom: Individual SWNTs were tracked in 200-s-long movies
with 2000 frames (movies S1 to S4). Tracks of individual SWNTs color-coded for progression in time. In the high-connectivity state, the fraction of SWNTs that were accu-
mulated in the cap has not been tracked because of the high density. Scale bar, 20 um.

time (Fig. 3A), Ca(1) = (AV4(t)- AV (t + 1)) - The velocity fluc-
tuation, AV, is the difference between the average velocity in a given
coarse-grained box at time t, V', (t), and the time-averaged velocity in
the same box (V)1 (see Materials and Methods). Figure 3A shows
the velocity fluctuation autocorrelation in time at the different cross-
linker concentrations. Local time-averaged velocities are close to zero
at low and intermediate connectivity but are nonzero and converging
to the cap at high connectivity. Fluctuations have small amplitudes
and are rapid at low connectivity, but gain amplitude and persistence
at intermediate connectivity, to become of small amplitude again at
high connectivity. We constructed a dynamic order parameter to quan-
tify the persistence of local velocities. This scalar order parameter was
calculated as the angular correlation of velocities in the coarse-grained
boxes, (cosd)sos, averaged over time intervals of 50 s, longer than
the correlation time of the force generated by a myosin minifilament
[~5 s (21); Fig. 3B]. The order parameter shows a steep increase at inter-
mediate connectivity. This increasing collective order in probe particle
velocities reflects spatial ordering of the local stresses. The cortex, in
principle, is viscoelastic, that is, the response will depend on time scales.
However, the rapid turnover of the components makes the network be-
have like a fluid at the time scales of the observed motions. This al-
lows us to directly infer the underlying (slowly varying) part of the
stress field from the velocity field. To characterize the observed struc-
tural symmetry breaking, we further constructed an actin density-based
order parameter. We determined the relative numbers of homoge-
neous and symmetry-broken cortices at a given cross-linker concen-
tration, inferred from images of rhodamine-labeled actin (Fig. 3C and
fig. S7). This order parameter reflects the global structural transition at
high connectivity. Three points are important to emphasize: First, the
experiments show that dynamic symmetry breaking occurs before
structural symmetry breaking (Fig. 3B and fig. 3C). Second, the ob-
served dynamic order is not caused by an underlying nematic ordering
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of the actin filaments in the network. Networks of short actin fila-
ments generated by Arp2/3 nucleation are known to be branched
and highly disordered (33). Therefore, the dynamics in our model corti-
ces are different from the observed phenomena in highly concentrated
motor-activated solutions of actin filaments (34) or microtubules (35),
where order is imposed through steric repulsion between long fila-
ments. Third, the mechanism of force generation in our experiments
is also different from that of active swimmers (36), such as fish in
a school, where particles propel themselves by exerting a force against
an embedding medium or a surface.

A remarkable consequence of the interdependence between structural
and stress patterns is the emergence of mesoscopic length scales in the sys-
tem. To extract the average spatial extent of correlated velocity fluctuations
driven by the fluctuating arrangements of stress-generating motors, we used
the deviations from the average local velocity. The normalized velocity fluc-
tuation correlation function in space (see Materials and Methods; Fig. 3D)
was calculated as C’A(R)Hz (AVi(7i,1)-Avi(75,0)8(|7 — 7| — R)Yyr-
Velocity fluctuation, Av;, is the difference between the velocity of
an individual particle v; and the average velocity in the coarse-grained
box o containing particle i, (V o)1 (see Materials and Methods). At low
connectivity, spatial correlations of velocity fluctuations are small. At
high connectivity, deviations from the local average velocity, which is
zero in the cap region and nonzero in the periphery, are also small so
that correlations get buried in the noise. At intermediate cross-link
densities, however, Ca(R) shows a characteristic fluctuation correla-
tion length of ~15 um, more than an order of magnitude larger than
molecular length scales and smaller than but approaching the system
size (Fig. 3E).

The observed velocity fluctuations represent the response of the sys-
tem to the force fluctuations arising from the myosin activity. Hence,
this response provides a measure of the susceptibility of the system
to the internally generated active stresses. It has been theoretically
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Fig. 3. Collective dynamics and fluctuations. Steady states differ in the degree of order and correlation of probe particle velocities. (A) Normalized velocity fluctuation
autocorrelation is plotted as a function of lag time for different a-actinin concentrations evaluated in a 5 x 5 coarse-grained grid for 200-s movies, averaged over all grid points.
(B) Dynamic order parameter calculated from the averaged velocity directional persistence as a function of a-actinin concentration. (C) An actin density—based structural order
parameter showing the fraction of phase-separated cortices as a function of cross-linker concentration (0 to 4 uM of added o-actinin), inferred from images of actin fluores-
cence. (D) The normalized velocity-velocity fluctuation cross-correlation at zero lag time is plotted as a function of probe distances for different o-actinin concentrations
(symbols). Data are fitted with single exponentials (lines). (E) Characteristic correlation lengths from fits in (D) as a function of a-actinin concentrations. Error bars rep-
resent 95% confidence interval. (F) Susceptibility of cluster motion to stress fluctuations quantified from the amplitude of the velocity-velocity fluctuation correlation
taken at R = 5 um, plotted as a function of a-actinin concentration. Error bars correspond to SDs.

predicted for elastic networks (without turnover) that strain fluctua-
tions become long-ranged, that is, that mesoscopic length scales emerge
near a point of marginal stability of the network (37). Increasing cross-
linker concentration drives our experimental system toward connec-
tivity percolation. Note that, in these nonequilibrium steady states,
connectivity percolation becomes a time scale-dependent concept.
The on/off rate of cross-linkers is the relevant time scale for competing
dynamic processes such as network turnover and myosin activity. The
intermediate steady state has signatures of marginal connectivity. To
characterize the response of the system, we quantify the fluctuations
in the observed dynamic order. We calculated the nonnormalized cor-
relation function, Ca(R), of velocity fluctuations Av; at a fixed separa-
tion R ~ 5 um, larger than the typical length of a single actin filament
(<1 um). Figure 3F shows that this correlation exhibits a peak at
intermediate connectivity. The observed peak in susceptibility is
consistent with recent theoretical predictions of critical strain fluc-
tuations driven by active stresses in random networks (37). To pursue
this comparison, we performed numerical simulations of isotropic
Mikado networks in 2D, consisting of randomly placed fibers that
resist stretching. Contractile stresses were introduced homogeneous-
ly and isotropically (see Materials and Methods). We observed a
peak in the correlated strain fluctuations (that is, nonuniform network
motion) at intermediate length scales between the network mesh size
and the full system size (see fig. S8). The simulation results show how
random networks subject to contractile stress exhibit critical-like strain
fluctuations and can account for a key feature of our experimentally
observed velocity fluctuations. Note that the stress/force fluctuations
in this model are not constant. These force fluctuations depend on
the network structure, because the motor activity acts on the network
as substrate. There is thus a coupling between the local network ri-
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gidity and motor stress. In the context of biological function, high
susceptibility implies high sensitivity to the regulatory parameters.
Thus, these marginal states are likely to be relevant for biological func-
tion. Hydrodynamics-based models have predicted ordered patterns in
actomyosin gels (36, 38); however, these models lack filament turnover
and long-range connectivity. A recent model that includes these essen-
tial features might be applicable to our system (39).

To characterize the global order and symmetry of stress patterns in
the three observed states, we calculated directional velocity correlation
functions for the entire sets of data (Fig. 4). This function was con-
structed by calculating the velocity-velocity directional correlation for
each moving probe, with all the surrounding probes, as a function of
distance and angle with respect to its own direction of motion, and then
averaging over all moving particles in all movies (see Materials and
Methods) (40).

At low connectivity, stress patterns are fully symmetric, and no cor-
relation is observed (Fig. 4A and fig. S7). At intermediate connectivity,
the vector field of probe velocities begins to show curl but no divergence
(Fig. 4B and figs. S3 and S9). The inner region of positive correlation in
Fig. 4B reports an average cluster size, consistent with cluster size esti-
mated from mapping the area covered by co-moving particles (fig. S10).
The breaking of rotational symmetry is evident from the extended pos-
itive correlations around 0° and 180°, that is, a finite probability that
particles trailing and leading a given particle move in the same direction.
Motions in our system are generated by myosin motors; hence, cor-
related motion implies correlated motors. A myosin minifilament acts
as a force dipole. A single dipole breaks rotational symmetry locally.
When the orientations of dipoles become correlated, rotational sym-
metry breaking can extend over larger length scales. This correlated ro-
tational symmetry breaking is characteristic of nematic order. In our
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Fig. 4. Order and symmetries in the stress patterns. Increasing cross-linker density leads to increasing order and breaking of symmetries in the arrangement of stress
generators. (A to C) Directional velocity-velocity correlation maps the degree of order and shows breaking of symmetry for increasing a-actinin concentrations. For each
concentration, the colors portray the average alignment of pairs of probe velocities, as a function of the distance and angle between them [(A), inset]. At low cross-linking [1 uM;
(A)], there is no appreciable correlation. At intermediate connectivity [2.5 uM; (B)], the map shows enhanced correlations, distributed anisotropically, primarily along the front-back
axis, signifying the emergence of nematic polar order and the breaking of rotational symmetry. At high connectivity [3 uM; (C)], the converging network flow leads to an
asymmetry between top and bottom, indicating the appearance of centrosymmetric polar order and the breaking of translational symmetry. (D to F) Schematic illustration
of the conceptual model for cortex dynamics as a function of connectivity. At low connectivity (D), the network is not mechanically connected, so myosin cannot generate
long-range forces, and the network fluctuates randomly. At intermediate connectivity (E), the network reaches the mechanical percolation threshold. Myosin-generated stresses
can propagate over larger distances, leading to the formation of rigid clusters, which move in a divergence-free manner. The interplay between stresses and network rearrange-
ment lead to local nematic ordering of the force-generating myosin minifilaments. At high connectivity (F), the network self-organizes into a single large cap with persistent
converging flow of clusters into the cap and polar ordering of the myosin force dipoles.

system, nematic order pertains to the stress generators, that is, the
myosin force dipoles. As has been pointed out recently in a theory of
chromatin hydrodynamics (41), such a stress nematic is not necessar-
ily coupled to a structural nematic. Stresses can self-organize via the
network even if the network is disordered. At high connectivity, the
velocity vector field around the cap shows divergence rather than curl,
which reflects broken translational symmetry due to the formation of
the cap (Fig. 4C and fig. S9). The directional correlation function shows,
first, an extended correlation length or cap size and, second, an asym-
metry between 0° and 180°, which is a signature of a converging flow
field (figs. S4 and S11). This converging velocity field likely reflects a
radial stress pattern, that is, a radial orientation of myosin force di-
poles. This global centrosymmetric polar order is not observed in typ-
ical liquid crystals. The crucial difference in our system is the lack of
conservation of particles because of continuous actin disassembly in
the cap and recycling of monomers to the bulk.

Figure 4 (D to F) presents a conceptual model for the observed none-
quilibrium steady states. The generation of order and the breaking of
symmetry in the cortex are driven by the interplay of network struc-
ture and connectivity and active stresses. Increasing connectivity shifts
the time scales of network organization. The longer the network con-
nectivity persists, the more long-range the myosin-generated forces will
act. This leads to long-range transport in the cortex and structural rear-
rangements, which, in turn, feeds back on the arrangement of the force
generators themselves. At low connectivity (Fig. 4D), myosin will en-
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gage actin but will not drive correlated motions over distances longer
than the filament length. At intermediate connectivity (Fig. 4E), the ef-
fective range of stress propagation expands. The combination of con-
tractility and cross-linking creates relatively rigid islands of limited size,
where the density is not different enough to be visible by actin fluores-
cence, but the mobility of probe particles within clusters is strongly sup-
pressed. Myosin-activated contractile bridges move the clusters in
random and changing directions. Note that competing motors can also
accelerate bridge rupture, creating a negative feedback mechanism
for cluster growth (movie S3). We speculate that, in our system, in the
presence of constant turnover, cluster size (r,) is primarily limited by the
competition between accretion at the boundary (o< ) and depolymer-
ization within the cluster (o< ). At high connectivity (Fig. 4F), a tran-
sition occurs when the largest cluster reaches the system size and
concentrates actin filaments, motors, and cross-linkers such that a radial
gradient emerges. This creates net polymerization in the periphery and net
depolymerization in the cap, sets up a steady flow of small clusters towards
the cap, and, in turn, orients the motor dipoles radially in the periphery.
This model predicts a system size dependence of the second transition.

DISCUSSION

The observed dynamics highlight some of the unique aspects of
self-organization of active matter: Internally generated stresses and
mechanical structures can couple in complex and subtle ways such

50f 8

£202 ‘gz Arenige uo 610°80Us 195" MMM//:SATIY WOJ) popeo jUMO



SCIENCE ADVANCES | RESEARCH ARTICLE

that markedly different dynamic steady states with different structural
order can emerge from shifts in the balance between competing time
scales. The defining feature of a dynamic steady state is that some pa-
rameters remain stationary in the presence of a constant flux of en-
ergy, material, or information. This implies that the time scales of the
exchange of material, energy, etc. are separated from the duration of
the existence of the state. Experiments in living cells have shown that
actomyosin cluster formation can be driven by a-actinin cross-linkers,
similar to what we find in our model system (42). Dynamic transitions
such as cortical symmetry breaking in Caenorhabditis elegans (7, 8, 43),
the transition into a contractile ring in oocytes (44), membrane stirring
(45), or the formation of immunological synapses (46) bear resem-
blance to our observations. Both the connectivity of the network and
the activity of myosin motors can be actively tuned by cells in response
to various signals such as Ca*" ions (18, 47). In cells, there is evidence
for a broad distribution of actin filament lengths (48). The degree of
transient stabilization of filaments (in which it will change the dis-
tribution of lengths) is another control parameter with which the cell
can shift between the dynamic steady states. The intermediate case of
marginal connectivity in our system shows maximal susceptibility to
internal stress variations. Because this dynamic symmetry breaking
precedes the structural symmetry breaking, it is tempting to speculate
on the universality of this principle: The heightened sensitivity asso-
ciated with these dynamics might facilitate an ensuing major struc-
tural reorganization.

MATERIALS AND METHODS

Proteins and reagents

ActA-His-Cys was purified from the strain DP-L4363 of Listeria
monocytogenes (from J. Theriot, Stanford University) and conjugated
with about six to eight molecules of Bodipy FL-X-SE (#D6102, Molec-
ular Probes) per protein, as previously reported (29). ActA-Bodipy was
stored at a concentration of ~30 uM at —80°C. Before use, ActA-Bodipy
was sonicated on ice for 15 min and centrifuged at 4°C for 15 min at
16,000g to remove aggregates.

Actin was purified from chicken skeletal muscle and labeled in fila-
mentous form with tetramethylrhodamine iodoacetamide (#T6006,
Molecular Probes) at a labeling ratio of ~10% using standard protocols.
The purified actin was stored at —80°C at a concentration of ~5 mg/ml
(~120 uM) in G-buffer [10 mM tris-HCI (pH 8.6), 0.1 mM dithiothreitol,
0.2 mM adenosine 5'-triphosphate (ATP), 0.1 mM CaCl,].

The cross-linker a-actinin was purchased from Cytoskeleton Inc.
and reconstituted to a final concentration of 40 uM with water. Crude
M-phase extracts and myosin II-immunodepleted extracts were pre-
pared from freshly laid Xenopus laevis eggs, as previously described (29).

Single-walled carbon nanotubes

SWNT's were obtained from Rice University’s Richard E. Smalley Insti-
tute for Nanoscale Science and Technology, which is no longer produc-
ing SWNTs. Exactly equivalent material can now be purchased from
Sigma-Aldrich [carbon nanotube, single-walled (6,5) chirality, >95%
carbon basis (=99% as carbon nanotubes), 0.78-nm average diameter,
product number 773735].

One milligram of HiPco SWNTs (batch number 189.2, Rice Univer-
sity) and 2 mg of d(T)30 oligonucleotides (Invitrogen) were added to
2 ml of deionized water in a glass scintillation vial. The vial was placed
on ice and sonicated (Vibra-Cell, VC-50; Sonics & Materials) at a power
of 10 W at 20 kHz for 90 min using a 2-mm-diameter microprobe tip.
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After sonication, the sample was centrifuged at 16,000¢ for 90 min.
The supernatant was carefully collected and filtered using a 4-ml Milli-
pore Amicon ultracentrifuge filter device (molecular weight cutoff,
100 kDa). The SWNT-ssDNA (single-stranded DNA) stock solution
was stored at 4°C.

Emulsion preparation

A motility mix was prepared by mixing the following: for a total volume
of 10 pl, 4 ul of crude X. laevis egg extract, 2 ul of 2xXB buffer [20 mM
Hepes (pH 7.7), 10 mM EGTA, 200 mM KCl, 60 mM MgCl,, 0.2 mM
CaCl,], 1 ul of SWNT-ssDNA, 1 ul of o-actinin at the appropriate con-
centration, 1 pl of labeled actin in G-buffer (5 mg/ml), 0.5 pl of ATP
regeneration mix (150 mM creatine phosphate, 20 mM ATP, 20 mM
MgCl,, and 20 mM EGTA), and 0.5 pl of ActA-Bodipy (30 uM). We
estimate the total actin concentration in the motility mix to be ~25 uM.
Emulsions were made by adding 1% (v/v) motility mix to mineral oil
(Sigma) containing 4% cetyl PEG/PPG-10/1 dimethicone (ABIL EM
90, Evonik Industries), stirring for 1 min on ice, and incubating for an
additional 10 min to allow the emulsions to settle. The oil and surfactant
mixture was degassed under vacuum overnight before use to reduce photo-
toxicity. Glass coverslips were passivated by treatment with 10% dichloro-
dimethylsilane (Fluka) in heptane for 30 min. Samples were made by
sandwiching ~15 pl of the emulsion mixture in chambers assembled
from two passivated coverslips, separated by a 30-pum double-stick tape
(3M), and sealed with VALAP (1:1:1 vaseline/lanolin/paraffin).

In both sets of experiments, the density measurements of fluorescent
actin and the network dynamics measurements using SWNTs were
done with the same samples. One emulsion was made and split into
identical samples that were simultaneously imaged on two different mi-
croscopes to follow actin density fluctuations and the SWNT dynamics
tracking network fluxes.

Imaging

SWNT imaging setup

(6,5) nanotubes in the sample (excitation, 567 nm/emission, 975 nm)
were excited by a high-power 561-nm diode-pumped solid-state laser
(DPSS) (500-mW continuous wave; Cobolt Jive, Cobolt) or a tunable Ti:
sapphire laser (Mira 900-F, Coherent Inc.). A neutral-density filter
(NDC-50C-4M, Thorlabs) served to adjust the intensity of the beam.
The beam diameter was expanded using two lenses with focal lengths
1 =40 mm and f, = 150 mm (Thorlabs). The beam was circularly polarized
using a quarter-wave plate (AQWP05M-600, Thorlabs) and then focused
into the back aperture of a high-NA (numerical aperture) objective
(alpha Plan-Apochromat, 100x, NA = 1.46; Zeiss). Fluorescence light
was collected through the same objective and passed through a dichroic
beam splitter (630 DCXXR, AHF analysentechnik), filtered using a
900-nm long-pass filter (F47-900, AHF analysentechnik) and focused
onto a short-wave IR camera with an InGaAs detector (XEVA-SHS-1.7-
320 TE-1, Xenics). Images of SWNT dynamics were recorded at 10
frames per second, near the bottom coverslip.

Confocal imaging setup

Confocal images of the actin and ActA distribution were acquired on
a laser scanning confocal microscope (Leica TCS SP5X) with resonant
scanner, avalanche photodiode detectors, galvo-stage, white-light laser,
or a 3I spinning disc confocal microscope (Zeiss) running SlideBook soft-
ware. Images were acquired using a 63x oil objective (NA = 1.4) with laser
illumination and appropriate emission filters. Images on the spinning
disc confocal microscope were collected with an electron-multiplying
charge-coupled device camera (QuantEM, Photometrics).
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Data analysis

Using single-particle tracking software u-track (49), we obtained SWNT
positions. Only tracks with 70 data points or longer were included in
the analysis. Velocities, v; (7, t), were calculated by linearly interpolating
individual particle tracks over 10 frames (1 s) and assigning those velo-
cities to the middle ¢ of the respective time interval. Total recording lengths
were 2000 frames, corresponding to a total recording time of T'= 200 s.
For spatial coarse graining, the entire field of view (256 by 312 pixels,
300 nm per pixel) was segmented into a 5 x 5 grid of boxes. The average

velocity at time # in each box, a, was calculated as V(1) = = Xvi(ri,t),
% jeq

where N, is the total number of probe particles that fulfilled the se-
lection criterion in the box. The overall average velocity in the coarse-
grained box o, (V4)r, was calculated by averaging over the whole
recording time T.
Calculation of spatial velocity correlations
We first calculated the spatial velocity cross-correlation function at equal
times: C(R) = <Vi(?ia t) . 7]‘(7]‘, t)5(|?1 - 7]| — R)>1‘]‘T. Here, <>1]T
represents averaging over all possible (4, j) pairs of particles in space
and over the whole recording time to obtain a measure for the range of
correlated probe particle motion in the cortex.

Faster-moving particles that are not strongly correlated with others
can obscure the correlations between more slowly-moving particles be-
cause of the large amplitude noise they add to the correlation function.

Therefore, we used normalized velocities 7;(7;, t) = % and
then calculated the normalized spatial velocity correlation function as
C(R) = (vi(rs,1)- (7}, )3(|7; — 73 — R)yr-

To obtain a measure of the variation of velocity in the cortices over the
recording intervals, we calculated the velocity fluctuation of an individ-
ual particle at position 7';and time ¢, Av; (7, t) as the difference between
the velocity of the individual particle v;(7, t), and the overall average
velocity in the coarse-grained box, 0, containing particle i: Av;(7;, t) =
V(7 t) — (V)1 To quantify the spatial extent of correlated fluctua-
tions away from the average velocity in a given location of the cortex,
independent of the magnitude of the fluctuations, it is again useful
to define a normalized velocity fluctuation Av; (7, t) = %;"3" The

1 1y
normalized spatial velocity fluctuation cross-correlation function is then
defined as CA(R) = <Af/i(7i7 t) Af/j(7j, t)5(|?, — ?j| — R)>l}T

Mechanical susceptibility of cortical actin to internally generated
forces by myosin can be estimated from the overall averaged variations
of velocity of collective motion. At low cross-linker concentration, velo-
cities varied strongly but were not spatially correlated. Because we are
interested in the variations of the correlated velocities, we calculated
spatial velocity fluctuation correlations at a fixed distance R = 5 um.
This is a distance larger than the typical length of a single actin fila-
ment, over which velocities are expected to be correlated even at low
cross-linker concentration. To estimate susceptibility, we used the non-
normalized cross-correlation to detect amplitude variations Cx(R =
5 um) = <Vi(?i7 t) . ;J(?ﬂ t)8(|7, - ?]| -5 um)),JT
Calculation of temporal velocity autocorrelation
Using normalized averaged velocity fluctuations in the coarse-grained
boxes AV () = 7[Y“(t)_<‘:“>ﬂ

IVa(t)—(Varll
correlation as Ca(t) = (AV 4 (£)- AV 4 (t 4 1))gr. Here, ( ... Yo repre-
sents averaging over all coarse-grained boxes o and over the total
recording time T. The scalar dynamic order parameter was defined as
(cosd)sos = (Val(t)- Vo (t + 509))qr

, we calculated temporal velocity auto-
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Calculation of directional velocity correlation
To obtain a quantitative and averaged measure for the symmetry of the
patterns of motion of the probe particles, we took the point of view of an
individual particle and asked how other particles move as a function of
their distance and angles with respect to the direction of motion of the
reference particle motion. This analysis was performed for every
moving probe particle and then averaged over all particles and the total
recording time. The directional velocity correlation is defined accord-
1ngly as Cdir(RG) = <{’i(7i7 t)-f/j(7j7 l’)5(9 — 6,])>,]T

Here, 0;; is defined locally via cos 6;; = % Note that 0;; # 0;;
This procedure corresponds to a transformation of the velocity field
into a coordinate system that co-rotates with the local direction of
the motion of the respective reference particle. The output is an an-
gularly resolved correlation map that allows extracting the velocity-
velocity correlation in any given direction relative to the direction
of motion of the reference particle (40).
Calculation of cluster size
To determine the cluster size at intermediate cross-link density, we first
manually selected a long particle track belonging to the cluster of inter-
est. All other tracks with constant relative distance to the first track with
some tolerance (over the duration in which both tracks are simulta-
neously present) are considered to belong to the same cluster. Once
all particle tracks belonging to the same cluster are identified, the cluster
size as a function of time (fig. S10) was determined by finding the
convex hull of all identified particles in a particular frame, using the
MATLAB function convhull. Clusters were defined by a relatively small
number of tracked probe particles. Appearance or disappearance of in-
dividual probe particles causes the abrupt steps in cluster size. By visual
inspection, all clusters remained largely intact for the duration of exper-
iment and no complete dissolution of clusters was observed.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/6/eaar2847/DC1

Simulations

fig. S1. Actin turnover.

fig. S2. Control experiments with myosin-immunodepleted extracts.

fig. S3. Curl field of intermediate cross-link regime.
fig. S4. Divergence field of high cross-link regime.
fig. S5. Cortex at steady state.

fig. S6. Velocity correlation.

fig. S7. Symmetry breaking of cortices with addition of cross-linker.

fig. S8. Simulations.

fig. S9. Density current maps.

fig. S10. Cluster size development with time.

fig. S11. Order and symmetries in the stress patterns of the high cross-link concentration.
movie S1. Motion of SWNTSs in the cortex at low connectivity (1.5 uM of added o-actinin).
movie S2. Motion of SWNTs in the cortex at intermediate connectivity (2.5 uM of added
a-actinin).

movie S3. Motion of SWNTs in the cortex at intermediate connectivity (2.5 uM of added
a-actinin).

movie S4. Motion of SWNTs in the cortex at high connectivity (3.0 uM of added a-actinin).
movie S5. Rhodamine-labeled actin cortices at high connectivity (3.0 uM of added
o-actinin) phase-separate and form a large cap, which extend over a substantial fraction of
the droplet surface.
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