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Even simple active systems can show a plethora of intriguing
phenomena and often we find complexity where we would have
expected simplicity. One striking example is the occurrence of a
quiescent or absorbing state with frozen fluctuations that at first
sight seems to be impossible for active matter driven by the inces-
sant input of energy. While such states were reported for exter-
nally driven systems through macroscopic shear or agitation, the
investigation of frozen active states in inherently active systems
like cytoskeletal suspensions or active gels is still at large. Using
high-density motility assay experiments, we demonstrate that fro-
zen steady states can arise in active systems if active transport is
coupled to growth processes. The experiments are complemented
by agent-based simulations which identify the coupling between
self-organization, growth, and mechanical properties to be respon-
sible for the pattern formation process.
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H ow does a dynamic system approach its steady state and what
is the nature of it? For a thermodynamic system Onsager’s
regression hypothesis (1) asserts that the relaxation is governed
by the same laws as the fluctuations in thermal equilibrium, and
Boltzmann-Gibbs theory defines the nature of all steady states.
For active systems like vibrated granules (2, 3), animal swarms
(4-6), microorganisms (7-9), and cytoskeletal systems (10-13)
there are no such general laws. Instead one finds a plethora of
spatio-temporal patterns including swarming (5-8), density inho-
mogeneities (11, 13), and swirling patterns (9, 12). A common
feature of these patterns is that they are all fluid-like (14-18).
One might ask whether there is something like the analog of a
solid-like or frozen state in active systems. At first sight such a
frozen state seems to be impossible for active matter driven by
the incessant input of energy which is expected to cause highly
dynamic states through a perpetual balance between assembly
and disassembly processes (13). Yet, there are examples where
the constituents of active systems self-organize into nonequili-
brium steady states with slowed dynamics or regular spatial pat-
terns. Activity has been found to give rise to a diverging viscosity
at the isotropic-nematic transition of active gels (19-21), and
glassy behavior has recently been observed for confluent cell
layers (22). Systems that are externally driven, like agitated gran-
ular media, exhibit a plethora of regular static patterns (23-25)
and rotating assemblies (26). While in all these nonequilibrium
systems degrees of freedom are slowed down or frozen-out,
the very existence of a pattern or the anomalous rheological prop-
erties is only made possible by the activity in the system. Systems
with frozen-out degrees of freedom have to be contrasted with
nonequilibrium systems where the system ends up in a set of con-
figurations from which it cannot escape. Once such an absorbing
state is reached the dynamics ceases and the ensuing pattern is
frozen-in (27, 28). Particularly illustrative examples are growing
bacterial colonies showing natural selection (29) or periodically
sheared colloidal suspensions which self-organize into an absorb-
ing state where particles no longer collide but simply retrace their
trajectories under the external drive (30).

Here we ask for the existence of steady states which carry the
hallmarks of both an active system and a frozen absorbing state;
i.e., where fluctuations are successively eliminated during a coar-
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sening process while keeping the system in an active state. In
driven systems frozen steady states can arise when particles are
not only actively transported, but also integrated into new self-
assembled higher-order structures where single particle fluctua-
tions are arrested. A frozen active state combines the rapid self-
organization characteristics of driven systems with the robustness,
stability, and reproducibility of growth and self-assembly pro-
cesses. Thus the combination of self-organization and growth that
characterizes frozen active states may turn out to be important for
many systems in biology and materials science. However, the
complexity of most experimental systems defies the thorough
identification and analysis of the intricate balance of the under-
lying principles that lead to a frozen active state.

To shed light on the mechanisms that govern the emergence of
such states, we introduce a reconstituted system, where highly
concentrated actin filaments are actively transported and cross-
linked in the two-dimensional geometry of a motility assay. We
show that the interplay of only three components, actin filaments,
HMM motor proteins, and fascin crosslinkers is sufficient for the
emergence of a frozen active steady state that consists of highly
symmetric structures, rings, and elongated fibers that are actively
assembled and propelled by the motor proteins. The reconsti-
tuted approach complemented by agent-based simulations allows
us to correlate the formation of a frozen steady state with the
mechanical properties of the emergent structures and enables
us to identify the crosslinker mediated growth processes as driv-
ing mechanism for the emergence of frozen active steady states.

Results and Discussion
The system consists of actin filaments and fluorescently labeled
reporter filaments that are propelled by nonprocessive motor
proteins (HMM) immobilized on a glass cover slide (11, 12).
Without crosslinkers and above a critical filament density the fi-
laments self-organize to form coherently moving structures such
as clusters and density waves (12). To investigate how the dynamic
structure formation is affected by a defined growth process into
higher-order structures, the crosslinker protein fascin is added
and its concentration systematically varied. In this context fascin
is ideally suited as it assembles polar filament structures and thus
does not obstruct the material transport by the molecular motors.
The addition of trace amounts of fascin does not suffice to
change the pattern formation mechanisms in the system. Even
at high filament densities the individual filaments display direc-
tional fluctuations that stem from the persistent random walk
of single filaments in the motility assay. These fluctuations are
responsible for the formation of density inhomogeneities that ac-
cumulate to form coherently moving structures such as clusters
and density waves (Fig. 14). Low fascin concentrations dampen
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Fig. 1. Phase behavior as a function of the fascin concentration. Low fascin
concentrations are not sufficient to fundamentally alter the pattern forma-
tion in the high-density motility assay and at an actin concentration of
p =10 pM the characteristic travelling density waves evolve (4). Compared
to the case without crosslinkers the density waves are less pronounced as
the crosslinker slightly hinders the formation of density inhomogeneities.
Above a critical fascin concentration of ¢, = 0.075 + 0.025 pM the pattern
formation drastically changes as constantly rotating rings evolve (B) that
are either closed or open Movie S1). In the steady state all actin filaments
are incorporated in rotating rings and fluctuations on the single filament
level are entirely absent. All scale bars are 50 pm.

these fluctuations by crosslinking events but are not sufficient to
completely inhibit them. As a consequence structures like density
waves are less pronounced (Fig. 14).

This behavior drastically changes, if the added fascin con-
centration exceeds a critical concentration: Now the crosslinker
leads to the emergence of rotating polar actin-fascin structures,
which are effectively planar. The rotating speed of the rings is
about 3 pm/sec. While structure formation in the high-density
motility assay relies on the balance between assembly and disas-
sembly processes, the addition of crosslinker molecules promotes
defined assembly processes and at the same time inhibits the dis-
assembly of the emergent structures. This inhibition of the disas-
sembly finally leads to a quiescent steady state where all filaments
are firmly incorporated in constantly rotating rings (Fig. 1B,
Movie S1); fluctuations on the single filament level are comple-
tely arrested. The absence of disassembly pathways renders the
structure formation mechanism reminiscent to a coarsening pro-
cess into an absorbing state (28) and the conditions during the
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pattern formation are directly reflected and “frozen-in” in the
steady state.

In the frozen steady state constantly rotating rings are homo-
geneously distributed throughout the motility assay (Fig. 1B). No
preferred direction of rotation is observable. Rings occur in two
distinct conformations which are equally abundant: open and
closed (Fig. 1B). Closed rings consist of self-contained and con-
stantly rotating actin-fascin fibers. Open rings also move on a
stable circular trajectory with uniform curvature radius, as can be
seen in a time overlay (Fig. 1B). A characteristic distribution of
ring curvature radii p(r) in the steady state is observed (Fig. 24).
The radii are broadly distributed with a decay towards large radii
r. p(r) shows a pronounced maximum at 9.5 pm which is of the
order of the persistence length of individual filaments. Towards
small curvature radii, the distribution is characterized by a cut-off
radius of r, &# 5 pm, below which no rings are found. The decay of
the distribution for large radii is of double exponential shape
(Fig. 24). The double exponential nature of the curvature radii
distribution is highly robust upon parameter variation and is con-
served throughout variations of the fascin and actin concentra-
tions (Fig. S1), making this to a generic feature of the system.

The ring curvature distribution reflects the balance between
aggregation processes and active transport (Fig. 2 B and C,
Movie S2). Polar actin-fascin strings nucleate from individual ac-
tin filaments crosslinked by fascin. While being transported, the
actin strings grow larger by two competing mechanisms, either
by taking up individual filaments alongside the bundle, or by
merging with adjacent structures, leading predominantly to an in-
creased length. These growth processes in turn affect the me-
chanical properties of the structures. A growth in length results
in long and thin strings with relatively low persistence lengths.
The continuous growth alongside the strings yields shorter and
thicker structures with a higher persistence length. It is the result-
ing increased stiffness of the individual strings which determines
the susceptibility towards directional changes in the motility as-
say. Directional changes that alter a given curvature happen more
seldom and have less effect for thicker and thus stiffer strings.
This decline in the rate of directional changes can be seen in
the trajectory of individual fibers that is composed of circular seg-
ments (Fig. S2).

Fig. 2. Ring curvature distributions and ring formation mechanisms. (A) shows the cumulative curvature radii distribution P(r) in the frozen steady state; the
inset depicts the noncumulative distribution p(r). The distribution can be described by a double exponential decay according to P(r) «< A; exp(r/ly)+
A, exp(r/ly) with decay lengths of /; = 3.3 pm and /, = 10.1 um. This double exponential shape reflects the occurrence of two different ring morphologies:
open and closed rings. These two different ring populations rely on distinct ring formation mechanisms that are related to the growth mechanisms in the
system. While being transported, moving actin-fascin strings grow by merging with other strings of similar size. Merging events lead to elongated but still
flexible strings that predominantly form closed ring if they cross their own tail (B). Open rings form upon a different mechanism (C): While moving, actin-fascin
strings continuously pick up material—individual filaments or smaller actin-fascin strings. Thereby the strings grow predominately in width and get thicker and
stiffer. If the strings are stiff enough the curvature freezes and the forces and fluctuations in the motility assay are not sufficient anymore to induce any change
in curvature. While closed rings characteristically are small in size with radii of up to 30 um, open rings are considerably broader and can have radii of up to
150 pm (A). The actin concentration was set to p = 3 pM and the fascin concentration was ¢ = 0.2 pM. All scale bars are 50 um. In (B) and (C) the investigated
actin-fascin string is shown in red and its tip is marked by a yellow arrow.
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Fig. 3. Cellular automaton simulations. The two experimentally observed aggregation processes—merging and growth stiffening are described using a con-
tinuous agent-based simulation. The actin-fascin strings are modeled as polar elongated strings that move with a velocity v on meandering trails (A). The tip is
subjected to curvature changes of rate w and a noise level o, resulting in a meandering trajectory (inset B). The strings stiffen due to growth processes of rate 4.
Besides, merging events with adjacent objects occur if the relative angle |0| between them is smaller than 6.. These two aggregation processes lead to the
emergence of rings in two configurations—open and closed (B). The occurrence of two ring configurations is reflected in the ring radii distribution p(r) and the
corresponding cumulative distribution P(r) that can be separated in open and closed contributions (C). The distribution for open and closed rings decays
approximately exponential. The ratio of open to closed rings I' increases with the rate of the random turns w, while it decreases with the noise level «

(D and Fig. S5). If not indicated otherwise the parameters are @ = 0.1, 2= 0.4, a = 1.0, and 6. = 10°. All scale bars are one string length Lj.

The interplay between active transport and the mechanical
properties of the emergent structures determines the actual ring
formation processes, and leads to two generic ring formation
mechanisms: Once strings have grown enough in length, they
may close on themselves (Fig. 2B). Alternatively, lateral growth
may increase the string’s stiffness to such an extent that their cur-
rent curvature freezes-in without a ring closure and open rings
result (Fig. 2C). While the ring closure leads to predominantly
small ring diameters, the frozen-in curvature process naturally
yields rings with larger curvature radii. This difference in the cur-
vature radii of open and closed rings is reflected in cumulative
curvature radii distributions P(r). Both distributions are of expo-
nential shape, yet their decay lengths differ by a factor of
3 (Fig. 24).

Thus the two growth processes competing for material in the
active system not only lead to two ring populations—open and
closed—but also directly affect the properties of the steady state
by determining the size of the structures. Competition between
continuous growth and merging processes of actively transported
strings can readily be described using agent-based simulations
(Fig. 34, for details see Materials and Methods). These two com-
peting aggregation processes already suffice to retrieve the coex-
istence of open and closed rings (Fig. 3B, Movie S3). Omission of
one of these processes leads to the formation of either closed or
open rings only. The cumulative radii distributions P(r) for open
and closed rings decay exponentially in accordance with experi-
mental observations (Fig. 3C). Moreover, the simulations allow
for a backtracking of the steady state properties to the inherent
noise in the active system which determines the stochasticity of
each string’s trajectory: Lowering the amplitude or increasing the
rate of curvature changes leads to an increase in the fraction of
open to closed rings, I' (Fig. 3D).

This relation can directly be tested in the experiment as the
noise level in the system can be addressed by varying the motor
density on the cover slip o,,. A decreased number of motor pro-
teins on the surface leads to more rugged trajectories of the
strings and hence to smaller curvature radii (Fig. 4 A and B).
In accordance with simulations a gradual decrease of the motor
density shifts the fraction I" from open to closed rings: Small mo-
tor densities favor the emergence of closed rings with a I of 0.5,
while high motor densities lead to predominately open rings with
I' =2 (Fig. 4C).

Schaller et al.

Importantly, upon changing the motor density, the conforma-
tional statistics of closed rings remains invariant, while the distri-
bution of open rings is shifted to smaller radii with smaller decay
lengths (Fig. 4D). This observation can be attributed to the un-
derlying coupling of growth and active transport through the
mechanical properties of the emergent structures and the freez-
ing mechanism that reflects the conditions during the assembly
process. At low motor densities the less persistent movement
(Fig. 44) implies smaller frozen-in radii of the open rings. The
ring closure process, on the other hand, is triggered by stochastic
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Fig. 4. Dependence on the motor density. By varying the motor density o,
on the surface, the feedback between growth, and the fluctuations that arise
in the motility assay can be examined. In general high motor densities lead to
less fluctuations and a more persistent movement as can be seen in the time
overlay image in (B), 6,, = 700 nM, while low motor densities lead to a more
fluctuations (A), 6,, = 30 nM. The higher the noise level (i.e., the lower ¢,,)
the higher is the chance for individual strings to cross their own tail and to
form closed rings. The increased probability for ring closure events is directly
reflected by the higher abundance of closed rings at low motor densities
quantified by the ratio of open to closed rings I" (C). The radial distribution
of closed rings itself is unaffected as can be seen in the decay lengths /, of the
exponentially decaying distributions (D). By contrast, the frozen-in curvature
of the open rings directly reflects the fluctuations and the persistence of the
movement in the motility assay: here /; monotonically increases with increas-
ing motor concentration ¢,,. The actin concentration was set to p = 3 uM and
the fascin concentration was ¢ = 0.2 pM. All scale bars are 50 pm.
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Fig. 5. Collectively moving streaks. Above a certain material density, the
ring formation processes are hindered and elongated actin-fascin streaks
emerge that are aligned alongside the long axis of the flow chamber. Like
in the ring phase, all individual filaments gradually get incorporated in
large-scale polar structures and fluctuations on the single filament level
cease. Initially the streaks move contrariwise. With time, a major direction
of motion develops that is adopted by all streaks in the course of turning
events (inset 2). The development of a major direction of motion is accom-
panied by a coarsening process, where polarly aligned fibers gradually merge
to larger ones (inset 1). The actin concentration was set to p = 10 pM and the
fascin concentration was ¢ = 0.5 pM. All scale bars are 50 pm.

changes in a string’s trajectory, yet the radius is determined by the
stiffness of each individual structure. As a consequence, closed
rings get only more abundant but the ensuing distribution of
curvature radii remains independent of the motor density o,,.

Frozen-in structures directly document the conditions during
the coarsening process, and thus are expected to strongly depend
on the nucleation and growth mechanisms. In the present system
the nucleation and growth mechanisms are governed by the fila-
ment and the crosslinker concentration. Increasing these con-
centrations not only leads to more nucleation seeds and thus ac-
tin-fascin strings but also to a more rapid growth process yielding
stiffer strings. Above a critical material density at the surface, the
strings are unable to pursue curved trajectories anymore and they
are forced to align. Successively, the strings get increasingly inter-
connected and crosslinked to form frozen elongated and straight
polar actin-fascin streaks with a thickness of up to 50 pm and a
length in the order of centimeters (Fig. 5, Movie S4). The emer-
gence of elongated structures following straight trajectories has
severe consequences for the further growth process in the system.
Compared to the rings the straight-moving streaks cover a large
area leading to a more effective growth process. The effective
growth process results in larger structures and gives way to coar-
sening and subsequent merging processes. While neighboring fi-
bers initially tend to move in opposite directions, they gradually
synchronize their directions of motions by merging (Fig. SC). This
synchronization is accompanied by a coarsening process, in the
course of which fibers of the same polarity gradually merge to
larger ones (Fig. 5B) which finally leads to large-scale symmetry
breaking and a preferred direction of motion develops. After a
time period of 10 min extended fiber structures uniformly move
in the same direction, imposing a polarity in the entire flow cham-
ber on the centimeter scale.

The phase boundary determining the transition from ring
formation to fibers depends on both the actin and the fascin con-
centration (Fig. S3). Consequently, the critical material density
is not related to the critical filament densities in the ordinary
high-density motility assay without crosslinkers.

Conclusion

The minimal system presented here allows a systematic para-
meter control through the variation of motor, crosslinker, and
actin concentrations. The good parameter control is mandatory
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for the robust and reproducible assembly of frozen steady states
with structures of defined size and morphology and opens the
door for various applications with the nanopattering of surfaces
being a prime example, as suggested in motility assay experiments
with microtubules (31, 32).

At the same time the high-density motility assay can serve as a
versatile model system to explore the full breath of nonequili-
brium steady states in active systems. In previous investigations
it was shown that the interplay between assembly and disassembly
of driven filament leads to dynamic patterns like swirls, clusters,
and density waves (12). These nonequilibrium steady states are
characterized by the perpetual built-up and destruction of struc-
tures driven by the incessant input of energy at the scale of an
individual filament. Upon adding a single new ingredient, namely
passive crosslinking molecules, we have found here that the nat-
ure of the nonequilibrium steady state changes fundamentally;
the presence of crosslinking molecules facilitates permanent fila-
ment aggregation and thereby switches off the disassembly path-
way. As a consequence, the system's dynamics drives the filament
assembly into an absorbing state where the structure arrests while
the filaments still move. The coarsening process towards this ab-
sorbing state combines active driving with filament aggregation.
Once reached, this state is stable and independent of the activity
of the system, yet it directly maps the assembly pathway. This
“structural memory” relies on the intricate mechanical coupling
between active transport and aggregation processes. This cou-
pling and the ensuing aggregation mechanisms fully determine
the statistical properties of the absorbing state.

From the experimental point of view, it remains a great chal-
lenge to unambiguously pinpoint the nature of the nonequili-
brium phase transition. There exist only very few experimental
systems that show clear evidence for an absorbing phase transi-
tion—with turbulent liquid crystals being probably the first exam-
ple (33). The main difficulty lies in the quantitative measurement
of the transition over long time and length scales in the absence of
interfering long-range interactions or boundary effects (33). In
this context the system introduced here could provide a versatile
tool towards the investigation of absorbing transitions. Consisting
of only a few purified components, the system allows for a precise
investigation of the statistic properties of the phase transition.
Future investigations might also want to explore analogies and
differences between these active systems and externally driven
systems showing shear-induced gelation (34) or aggregation
(35). In general, the further investigation of active systems com-
plemented by an assembly process that in turn affects the me-
chanical properties may set a new paradigm of frozen active
states and seems to be an attractive route of explanation for many
examples from cytoskeletal to colloidal systems.

Materials and Methods

Protein Preparation. G-actin was obtained from rabbit skeletal muscle follow-
ing a standardized protocol (36, 37). Actin polymerization was initiated by
adding one-tenth of the sample volume of a tenfold concentrated F-buffer
(20 mM Tris, 20 mM MgCl,, 2 mM CaCl,, 2 mM DTT and 1 M KCl). For fluor-
escence microscopy fluorescently labeled reporter filaments are used at a
ratio of labeled to unlabeled filaments ranging from 1:2 to 1:50. Filaments
were stabilized with Alexa-Fluor-488-phalloidin (Invitrogen) at a ratio of 1:2.
Unlabeled filaments are stabilized with phalloidin (Sigma) likewise at a ratio
of 1:2. Once polymerized, actin was used within 2 d. HMM is prepared from
myosin |l obtained from rabbit skeletal muscle following a standardized
protocol (38). Recombinant human fascin is purified from Escherichia coli
BL21-CodonPlus-RP and stored at —80°C in 2 mM Tris/HCl (pH ~7.4),
150 mM KCl at 64 pM, following ref. 39.

Sample Preparation. Flow chambers were prepared with precleaned micro-
scope slides (Carl Roth) and coverslips (Carl Roth, 20 x 20 mm, No. 1). Cover-
slips were coated with a 0.1% nitrocellulose solution diluted from a 2%
solution (Electron Microscopy Sciences) in amyl acetate (Carl Roth). The cover-
slips were fixed to the microscope slides using parafilm, yielding an overall
chamber volume of ~30 pL. Prior to each experiment a 30 pL actin dilution

Schaller et al.
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(1-25 pM monomeric actin) was prepared by gently mixing labeled and
unlabelled actin filaments with assay buffer (25 mM Imidazolhydrochlorid
pH 7.4; 25 mM KCl; 4 mM MgCl,; 1 mM EGTA; 1 mM DTT). The flow chamber
was incubated with HMM diluted in assay buffer. Prior to the insertion of the
respective actin dilutions, surfaces are passified with a BSA solution
[1 mg/mL BSA (Sigma) dissolved in assay buffer]. To start the experiment,
2 mM of ATP together with the respective fascin concentration dissolved
in assay buffer (50 pM) is flushed into the flow chamber. Oxidation of the
fluorophore was prevented by adding a standard antioxidant buffer supple-
ment GOC (2 mg Glucose-Oxidase, Sigma; 0.5 mg Catalase, Fluka). To verify
that the observed patterns are not affected by the use of GOC, control assays
without the antioxidant supplement were performed. After addition of
the motility buffer, flow chambers were sealed with vacuum grease (Bayer
Silicones).

Actin and HMM Concentrations. The numbers for the actin concentration de-
note the monomeric actin concentration inserted into the flow chamber. This
concentration is slightly lowered by up to 10% by the subsequent rinse with
the ATP-fascin dilution. The HMM concentrations ¢, given in the manuscript
denote the concentration with which the flow chamber was incubated. The
relation between ¢, and the motor density at the surface ¥ was determined
to increase linearly in a wide concentration range with a ratio of:
om/¥ = 0.04 nMpm? (40). Above a HMM concentration of ¢,, = 200 nM,
the motor density at the surface saturates at a value of ¥ ~ 6,000 pm~2
(41). If not indicated otherwise all experiments were performed at a HMM
concentration of ¢, = 90 nM.

Image Acquisition and Preprocessing. All data are acquired on a Leica DMI
2000 inverted microscope with a x63 oil objective (numerical aperture:
1.4) or a x40 oil objective (numerical aperture: 1.35). Images (resolution:
1,344 x 1,024 pixels) were captured with a charge-coupled device camera
(C4880-80, Hamamatsu) attached via a 0.35 or 1.0 camera mount. Image ac-
quisition and storage are carried out with the image processing software
“"OpenBox” (42).

Ring Curvature Statistics. For each investigated parameter set the ring curva-
tures were recorded in up to 20 spots in different samples. To extract the ring
curvatures for each spot 200 frames with a frame rate of 8.5 frames/s were
recorded. After background subtraction (rolling ball radius of 50 pixels) we
performed an average intensity projection of all 200 frames and converted
the resulting picture into a binary image with a similar cut off for all samples.
All these procedures were carried out with Imagel. The subsequent ring
recognition and the ellipsoid fit to the recognized structures were carried
out with a custom written MATLAB routine. All signatures which are not of
approximately circular shape (ratio of semiminor to semimajor axis <0.7) are
rejected.

Simulations. The competition between continuous growth and merging pro-
cesses is described using an agent-based simulation. Here the experimentally
observed actin-fascin strings are modeled as elongated, polar strings that
move with a velocity v on meandering trails (Fig. 3A). The heads of these
strings pursue circular trajectories with stochastically varying curvatures
and the tail strictly following the head'’s trajectory. Further, the strings are
subjected to aggregation processes which result in a continuous string thick-
ening and merging processes between adjacent strings. In the following,
these basic ingredients of the simulations—the computation of the random
trajectories and the incorporation of the aggregation mechanisms—are
described in detail.

Simulation of the String Trajectories. In the absence of aggregation processes,
the trajectory of the strings is determined by stochastic forces stemming from
the HMM motor proteins at the surface. Similar to worm-like bundles (43, 44),
it can be expected that the curvature distribution is of approximately Gaus-
sian shape. Mathematically such a distribution can be generated by a stochas-
tic process defined by the following update rule for the curvature «

K(ty1) = 0.5 - (K(tn) + ’7)’ (1]

whereby n denotes the time step and 7 represents a random variable that is
uniformly distributed over the interval [—q,a]. Stochastic changes of a given
curvature occur with a rate o, with equally spaced time intervals,
thi1 —t, = @~ '. The resulting distribution for the curvature is given in the
Fig. S4.
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Modelling of the Aggregation Mechanisms. Aggregation of the strings into
longer and thicker bundles affects the strings’ trajectories in a twofold
way. While elongation of strings changes their probability to collide and form
even longer strings or closed loops, thicker bundles that are the result of
lateral aggregation, are less susceptible to curvature changes.

The elongation of strings is mainly based on merging events between ad-
jacent strings, which occurs only for certain collision parameters: The collid-
ing beads, say bead 1 and 2, have to be within a capture distance R; + R;,
where R; and R, denote the radii of the particular beads. The bead’s radius
R; mainly depends on the excluded volume of the strings and scales with the
number of already merged strings M according to R; = MR%,L,/L, where R,
denotes the initial radius and L the length of the structure. Further, strings
only merge if the collision angles |0] are smaller than a critical merging angle
0. accounting for the binding properties of fascin, which is only able to link
approximately parallel orientated filaments (45). The merging naturally in-
cludes ring closure events, when the head of a string interacts with its
own tail.

The lateral aggregation is based on the continuous uptake of individual
filaments and small strings, leading predominantly to a growth in thickness.
The increase in thickness results in an increased stiffness of the strings that is
modeled by a linear increase of what we call a tenacity parameter b(t)

b(7n+l) - b(Tn) + pby, [2]

with b,y being the initial tenacity b(z = 0) and p determining the thickening
speed. The time intervals are taken as equally spaced and 7,1 — 7, = 2~' de-
fines the thickening rate A. The linear tenacity increase modeled in Eq. 2 is
motivated by a linear increase of the thickness of the strings implicitly imply-
ing an infinite filament reservoir. Because the experimentally observed ring
formation is completed long before the filament reservoir is depleted, this is
in good agreement with experimental observations. Thicker strings have a
higher tenacity and are thus less susceptible to curvature changes. This re-
duced susceptibility to curvature changes can readily be modeled by modify-
ing the update rule of Eq. 1 with a weight factor w[b(t)] that depends on the
tenacity

K(tni1) = Wib(,)] - k(8) +n)/(wb(2,)] + 1). 31

The functional dependence of the weight factor w on the tenacity b is given
by

wlb(1)] = exp([b(t) = bol/by). [4]

The curvature distributions that result from the incorporation of Eqs. 2-4
are fundamentally different than the curvature distributions that result from
the stochastic process defined by Eq. 1 (Fig. S4).

Parameters. In all simulations, the initial bead radius was set to half of the
unit length, and initially each string consisted of N = 10 beads, implying
and initial string length of Ly = 10. The velocity was settov = 1.0; i.e., a string
covers its own length in a simulation time of 10. All rates are measured in
units of v/Ly. Thus a rate of 0.1 means that the corresponding stochastic pro-
cess occurs on the time scale a string needs to cover its own length. For all
simulations the thickening speed § was chosen to g = 0.2. For every simula-
tion run, we started with 1,500 strings distributed randomly in space and
orientation in a cubic simulation box of size L, =50 L, with periodic
boundary conditions. The time discretization At is chosen to 0.1. The mea-
sured quantities are robust against changes in At and the size of the simula-
tion box. In all simulations, the total simulation time was chosen to 5 - 10*At,
ensuring that all measured quantities are within a well saturated regime. The
histograms and all values for I are averaged over 20 simulation runs of ran-
domized initial configurations and curvature amplitudes. For visualization
and image processing we used VMD and Imagel.
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