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Cells employ networks of filamentous biopolymers to achieve shape changes and exert
migratory forces. As the networks offer structural integrity to a cell, they are referred
to as the cytoskeleton. Actin is an essential component of the cellular cytoskeleton. The
organization of the actin cytoskeleton is through a combination of linear and branched
filaments. Despite the knowledge of various actin-binding proteins and their
interactions with individual actin filaments, the network level organization that
emerges from filament level dynamics is not well understood. In this thesis, we address
this issue by using advanced computer simulations that account for the complex
mechanochemical dynamics of the actin networks. We begin by investigating the

conditions that stabilize three critical bundle morphologies formed of linear actin



filaments in the absence of external forces. We find that unipolar bundles are more
stable than apolar bundles. We provide a novel mechanism for the sarcomere-like
organization of bundles that have not been reported before. Then, we investigate the
effect of branching nucleators, Arp2/3, on the hierarchical organization of actin in a
network.

By analyzing actin density fields, we find that Arp2/3 works antagonistic to myosin
contractility, and excess Arp2/3 leads to spatial fragmentation of high-density actin
domains. We also highlight the roles of myosin and Arp2/3 in causing the
fragmentation. Finally, we understand the cooperation between the linear and dendritic
filament organization strategies in the context of the growth cone. We simulate
networks at various concentrations of branching molecule Arp2/3 and processive
polymerase, Enabled to mimic the effect of a key axonal signaling protein, Abelson
receptor non-tyrosine kinase (Abl). We find that Arp2/3 has a more substantial role in
altering filament lengths and spatial actin distribution. By looking at conditions that
mimic Abl signaling, we find that overexpression mimics are characterized by network
fragmentation. We explore the consequence of such a fragmentation with perturbative
simulations and determine that Abl overexpression causes mechanochemical
fragmentation of actin networks. This finding could explain the increased
developmental errors and actin fragmentation observed in vivo. Our research provides
fundamental self-assembly mechanisms for linear and dendritic actin networks also

highlights specific mechanochemical properties that have not been observed earlier.
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points in our simulations with different Arp2/3 concentrations, representative
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Figure 3-7 Analysis of domain dynamics reveals the underlying mechanism of F-actin
organization into high-density actin domains. A. The cartoon rendering describes
elementary transition mechanisms showing F-actin domains in red, with brown
regions representing low-density actin background. AI-AIV shows four different
transition mechanisms in a reference snapshot that affect the number of clusters in the
following snapshot. B. Pie charts showing the percentage of transitions observed
throughout the trajectory at different Arp2/3 concentrations. The size of the pie chart
is proportional to the total number of transitory events. C. Time profiles of the
fraction of total actin in the domains at various Arp2/3 concentrations. The solid line
and shaded area respectively represent mean and standard deviation. D. Estimation of
drift (top row) and diffusion coefficients (bottom row) at various cluster sizes from
trajectories of high Arp2/3 concentrations, 25nM (left column) and 50nM (right
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LTINS, 1ot 73
Figure 4-1 Deterministic model for branching and Ena kinetics predicts bounds for
Arp2/3 and Ena concentrations. A. Plot of mean filament length predicted by a
deterministic model of filament dynamics at various Arp2/3 concentrations

([Ena]=0nM]). B. Plot of total diffusing actin that is converted to filamentous actin
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and Ena concentrations. Arp2/3 concentrations are mentioned at the bottom, while
Ena concentrations are noted to the left. F-actin, bound Arp2/3, and bound Ena
molecules are colored in white, red, and yellow. Myosin minifilaments and a-actinin
are also present in the simulations but are not visualized. ..........ccccceceniininninenennne. 81
Figure 4-3 Arp2/3 dynamics determines filament organization of growth cone
mimics. A. Filament length distributions are shown as cumulative density functions at
various Arp2/3 and Ena concentrations. Distributions are colored based on Ena
concentration, while the Arp2/3 concentration is overlayed on the graph. Solid lines
and shaded areas represent mean and standard deviation, respectively, from multiple
replicates. B. Bar graph shows the number of filaments when Ena concentrations are
changed at each Arp2/3 concentration. Error bars show standard deviation.............. 83
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102 (0] 115 OSSPSR 84
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distribution in 14 WT Abl axons. Each sub-panel shows the median and median
absolute deviation of peak-aligned actin profiles from the first 30 minutes of imaging
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either side of the peak according to experimental determination of growth cone width.
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Ni. Scenarios where reaction volume has contracted (a) and expanded (b) at the end
of chemical evolution, and mechanical equilibration are shown. Diffusing species are
redistributed to account for the change in reaction volume. This protocol helps us
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Figure B- 3 Distribution of different mechanisms that affect the number of high-
density actin domains. Pie charts show the percentage of events that lead to birth or
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Chapter 1 Introduction and background

Filamentous proteins that can dynamically polymerize and depolymerize are
ubiquitous in all domains of life, providing both structural and functional stability to
cells. Complex, interlinked networks of such filamentous proteins and other
components span the cellular cytoplasm from cell membrane to nucleus and are
referred to as the cytoskeleton. Just as the skeletal system provides support and shape
to an organism, the cytoskeleton is essential for cellular morphology and functions.
Cytoskeleton offers dynamic and adaptive features to the cell by enabling shape
changes, intracellular transport, and cellular motility. Advances in experimental
techniques such as super-resolution microscopy have enabled a tremendous wealth of
knowledge on the structural features of various cytoskeletal components and their
functional importance. Despite this, fundamental gaps remain in our understanding of
the mechanisms by which individual cytoskeletal components come together to form
various functional higher-order architectures. This dissertation investigates the
organizational principles behind linear and dendritic actin networks through computer
simulations. We find the necessary conditions for a stable bundle of linear actin
filaments and look at the impact of branching nucleation on network morphology.
Finally, we find the emergent network behavior resulting from a critical signaling
pathway that throttles the balance between linear and dendritic actin filaments to ensure

axonal growth and stability.



The introduction is organized into five main sections. I start by introducing the
readers to the beautiful complexity of the actin cytoskeleton and highlight the different
molecules that mechano-chemically interact either with individual actin filaments or a
pair of actin filaments. Second, I would introduce the biological emergent structures
and the necessary signaling cascades that sustain and alter such biological actin
structures.

How do we faithfully model such a complicated system? To address this, I will
introduce the computational framework used in this dissertation and the sustained
improvements made towards simulating cell-scale networks. I will end the introduction

by outlining the subsequent chapters of the thesis.

1.1.  Actin cytoskeleton — a brief overview

The eukaryotic cell is made of complex, dynamic structures with specific functional
roles. While the essential genetic information in DNA is securely modularized inside
the nucleus, the mitochondria acts as the energy production hub of the cell, and the
plasma membrane envelopes and protects the cell from the exterior. Additionally, a
critical class of scaffolding proteins, consisting primarily of actin, microtubule, and
intermediate filaments, collectively referred to as the cytoskeleton, plays a crucial role
in mechanotransduction, maintaining cell shape and function. Among the cytoskeletal
components, actin represents the most functionally diverse and well-understood class
of substructures. The actin cytoskeleton plays a vital role in cellular processes

migration, growth, cell division, and wound healing.
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Figure 1-1 Actin architecture in a migrating cell. The cartoon shows a rendition of a cell
with actin filaments shown in gray. Zoomed insets show various salient emergent network
architectures such as actin i) cortex, ii) stress fibers along with focal adhesions, iii) transverse
arc stress fibers, iv A and B) dendritic lamellipodial networks, and v) filopodium. Actin, along
with relevant actin-binding proteins, is rendered within each inset. The legend at the bottom
shows various components of the actin cytoskeleton. Figure reprinted from [1], with permission
from The American Physiological Society.

Actin filaments are polymeric, semi-flexible assemblies of actin monomers.
Actin filaments have a persistence length of ~17um and a diameter of ~7nm.[2] Actin
filaments assemble and disassemble readily in response to cellular signals and enable

the cells to mount a quick response to changes in the extracellular environment. Figure
3



1-1 shows key actin architectures that have been recognized both in vitro and in vivo.
Actin filaments can be bundled together by accessory proteins called crosslinkers to
enable small, finger-like protrusions called filopodia at the leading edge of a spreading
cell. Filaments can form branched architecture and organize into fan-shaped networks
called lamellipodia to generate protrusive forces from actin polymerization. Also, long
bundles of actin filaments called stress fibers aid in mechanotransduction and migration
in certain cells. How are such diverse network states achieved with spatial and temporal
precision? What mechanisms does the cell use to modify the network level organization

of actin? We address these questions in this overview of the actin cytoskeleton.

1.1.1 Filament level organization of actin — chemical and mechanical aspects

Actin is ubiquitous in all living cells dating back to common ancestors of life
such as bacteria and archaea.[3] Actin is extremely conserved among eukaryotes with
minor sequence variation. This level of conservation is partly due to the limitations
posed by the conditions required to form actin-actin interactions to form stable
polymeric filaments.[4] Actin is the most abundant protein in a cell, contributing up to
10% of total proteins. Actin filaments are polymers of monomeric G-actin arranged in
a double helical fashion. Actin monomers are arranged with a rotation of 166° per
molecule (short pitch) and an axial translation of 2.75nm resulting in 13 monomers per

6 turns of the helix.(long pitch) [5,6]



1.1.1.1 Linear actin filaments

Spontaneous polymerization of actin into filaments happens once the
monomers form stable trimers. While ATP-bound dimers dissociate at 10°s™!, trimers
dissociate at a rate of 100 s™'. As the number of monomers in the filament increases
further, the dissociation reaction becomes asymmetric at both ends and is ~1s™. The
kinetic data suggest that the formation of dimer and trimer limits the de novo
nucleation. The differences in association and dissociation rates of actin to the ends of
actin filaments that are longer than a trimer make actin a polar molecule. The filament
ends are distinguished structurally as the minus/pointed end and the plus/barbed end.
This chirality lends to an essential steady-state characterized by net depolymerization
of actin filaments in the minus ends depolymerize in time while the actin filaments in
the plus end polymerize in time. The structural basis for the kinetic differences was
obtained by comparing the contacts made by the DNAse-I loop and the hydrophobic
plug of the monomer. Within a given filament, the DN Ase-I loop from monomer P and
the hydrophobic plug loops form P-1form contacts with monomer P+1. Contrasting
this with the pointed end, the DNAse-I loop of monomer P-1 instead interacts with the
hydrophobic plug of monomer P. This difference poses additional enthalpic
rearrangement cost when a monomer P+1 is added to the plus end. Additionally, barbed
ends lack such inter-subunit contacts. Such contact differences explain the slow
dissociation rate and association rate for actin at the pointed end. The absence of these
interactions in the barbed end explains the faster dissociation and association rate in the

barbed end. Why are inter-monomer contacts different between the two ends? The
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ATPase activity of actin can explain this facet. ATP-bound filamentous actin (F-actin)
readily dephosphorylates ATP to form ADP and Pi. The ADP.Pi bound state has a half
time of 350s.[3] As the filament grows and reaches a steady-state, the minus end of the
filament is rich in ADP.Pi bound actin while the barbed end is rich in ATP bound actin.
1.1.1.2  Dendritic nucleation of actin filaments

While linear filament organization is crucial for long-range force transmission
in a cell, alternate mechanisms are also employed to produce carpets of actin filament
networks. Branched filament organization is a key mechanism where new filaments are
nucleated on the sides of preexisting filaments. These branches are at a 70° angle with
the parent filament.[7] Spontaneous branching ability helps the cytoskeleton reinforce
mechanical elements where needed and also helps maintain a polarized architecture of
filaments. Arp2/3 is the key branching nucleator and crucial for cellular processes such
as cellular motility, clathrin-mediated endocytosis[8], and axonal guidance.[9,10]

It is interesting to note that Arp2/3 evolved from eukaryotic actin through a
divergent evolution process.[11] There are 11 commonly known variants of Arp and
are named based on their sequence divergence from actin. Arps share the same folds as
actin, and the residues that bind to ATP are conserved. While Arp4-Arp9 complexes
have chromatin-modifying functions, Arp2 and Arp3 form an important Arp2/3
complex. The other five subunits are made of proteins ArpC1, ArpC2, ArpC3, ArpC4,
and ArpC5. The nucleation of an offspring filament requires specific interactions
between subunits Arp2 and Arp3, which are absent in the native state rendering the

complex inactive.[12,13] Activation of Arp2/3 requires nucleation promotion factors
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(NPFs) such as Wiskott-Aldrich syndrome protein (WASp). [14,15] These NPFs share
a key domain called the VCA domain consisting of verprolin(V) homology (or WASp
homology 2 or WH2), hydrophobic central (C), and acidic (A) regions. Arp2/3 binding
to 2 VCAs triggers conformational changes that render Arp2/3 active.[16] While the
exact mechanism of branch nucleation is still an active area of research,[17] substantial

evidence favors the nucleation scheme shown in Figure 1-2. [13]
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Figure 1-2 Mechanism of branched nucleation by Arp2/3. The seven Arp-related proteins
that form the Arp2/3 complex are shown. ATP and proteins containing the VCA domain bind
to activate the Arp2/3 complex. This enables binding to parent filament. Subsequent
conformational changes enable contacts between Arp2 and Arp3 subunits, thereby triggering
nucleation of offspring filament. Figure reprinted from [13] with permission from the
Proceedings of the National Academy of Sciences.

NPF binding to Arp2/3 causes conformational changes that bring Arp2 closer to Arp3.
Binding of Apr2/3-NPF to actin filament triggers further conformational changes to the
complex. Finally, the V region of VCA bound to Arp2 and Arp3 has a high affinity to
actin monomers. The binding of actin to the V region reduces the activation barrier to
nucleation as the Arp2/3-actin complex mimics the nucleation trimer, thereby
nucleating an offspring filament. Subsequent actin monomer addition causes

elongation of offspring filament.



1.1.2 Linear actin Nucleators

The cytoskeleton also employs other nucleators that can form linear actin
filaments without nucleating on the side of a parent filament. Out of such linear
nucleators, formin is the most widely studied and most abundant one. Formin dimers
stabilize dimers of actin, thereby lowering the energy barrier for the nucleation of
filaments. Formin nucleates through interactions of the two formin homology domains,
FH1 and FH2.[18] Also, formin is known to act as processive polymerase, which aids
in the elongation of actin filaments.[1] In addition to Arp2/3, many more linear actin
nucleators share the WH2 homology domain, namely Spire, Cobl, and Liemodin. Spire
proteins, first found in Drosophila, have two human isoforms, namely Spire 1 and
Spire2.[19] Spire consists of four WH2 domains and promotes nucleation by stabilizing
tetramers of actin. There are pronounced lag times before Spire-driven nucleation
occurs, suggesting rate-limiting mechanisms in the formation of dimers.[20] Cobl, a
vertebrate-specific nucleator, contains three WH2 domains. Cobl has a high nucleation
efficiency that can rival the nucleation rates of Arp2/3. Both Cobl and Spire are
restricted to the brain. Unlike Cobl, and Spire, Leiomodin nucleates filaments by
stabilizing the pointed end and does so through a single WH2 domain. Additionally,
Leiomodin also has a tropomyosin binding domain highlighting a collaborative

mechanism of actin nucleation.[21,22]



1.1.3 Filament length modifiers

Just as formins, there are other processive polymerases that enhance filament
elongation. Another well-known processive polymerase family of proteins is
Enabled/Vasodilator-stimulated phosphoprotein (VASP). They consist of three key
domains, namely EVH1 (Ena/VASP homology 1), poly-proline repeat domain, and
EVH2 domain. EVH] targets Ena to focal adhesion proteins, while the proline-rich
domain targets Ena to several signaling proteins such as Abl, Src, and IRsp53. The
EVH2 domain consists of F-actin and G-actin binding domains. Finally, the C-terminal
EVH2 domain also has a coiled-coil domain involved in the tetramerization of
Ena/VASP. Tetramerization is crucial for the processive polymerase activity of
Ena/VASP proteins.[23,24] Each of the four actin-binding domains in tetrameric Ena
can bind to filament barbed ends, sides of filaments, or G-actin monomers.[24,25] In
the G-actin bound state, Ena increases the local concentration of actin around a filament
tip enabling processive polymerase activity.[26] Ena’s ability to bind to sides of
filaments is crucial to stabilize confined bundles of actin filaments from
destruction.[27] Ena can also interact with profilin-actin taking advantage of multiple
G-actin pools in the cytoplasm.[28]

Ena kinetically competes for actin barbed ends with specialized barbed end
stabilizing proteins called Capping proteins.[26,29-31] Capping proteins are dimers
that bind to barbed ends of filaments and stabilize them from chemical perturbations.
Capping proteins are present in micromolar concentrations in the cytoplasm. As a

result, most barbed ends in the cytoplasm are capped and stabilized for a long time as
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the dissociation half-time is ~30min for capping bound filament barbed ends.[3]
Similarly, pointed ends of filaments are stabilized by tropomodulin.[32] It is also
important to note that, Arp2/3 can also be considered a minus-end stabilizing protein.
Actin filaments can be destabilized by severing proteins that sever filaments in two.
Cofilin and gelosin are the two commonly known severing proteins. Cofilin binds
cooperatively to the sides of actin filaments. Upon binding, cofilin-actin interactions
force the flat actin monomer to rotate by 30°. This changes the helical configuration by
reducing the rotation angle between two monomers to 162° (from 167°). Additionally,
the long pitch is changed from 13 monomers per 6 turns to 10 monomers per 6
turns.[33] These changes make the filament more flexible, eventually leading to

destabilization due to local stress accumulation.

1.1.4 Monomeric-actin binding proteins — the brake pedal to attenuate actin

assembly

Even though actin nucleation is not very favorable, once nucleated, spontaneous
actin polymerization occurs rapidly, bringing the reservoir of unpolymerized actin to
the barbed end critical concentration (the value is 0.1uM for linear actin networks). As
cells contain anywhere in the few tens to hundreds of micromolar actin [7,34], the
majority of actin would be polymerized under this paradigm, reducing the leverage for
fast remodeling of the network. In contrast, about half of the total actin in cells is in the
unpolymerized state.[3] These differences can only be accounted for by actin monomer

binding proteins that bind to diffusing actin (G-actin) and sequester it to prevent
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polymerization. Profilin (~16kDA) and thymosin-f4(~43aa) are the most common G-
actin binding proteins. The relative abundance of these two proteins is dependent on
cell types.[3,35] Both profilin and thymosin-f4 compete for G-actin in cells [36],
reducing the pool of actin available for polymerization. Thymosin-p4 is found in the
100-500uM range, and its affinity to ATP- and ADP- actin is characterized by
dissociation constant (Kq) 0.1-3.9, and 80-100 uM, respectively.[37—40] Profilin is
known to have a cellular concentration of 8.4uM, while other studies point to a range
anywhere between 14 and 100% of total actin.[41,42] Profilin-actin interaction has a
Kq 0f 0.1 and 0.17 uM for ATP- and ADP- bound forms.[43] Thus, ADP bound actin
is mostly sequestered by profilin. ADP-profilin has an accelerated nucleotide exchange
rate (exchanging ADP for ATP), which then lends for the competition from thymosin-
B4 (similar Kq values).[44]

The competition between profilin and thymosin-f34 also alters actin filament dynamics.
While thymosin-f4 bound G-actin cannot be added to filaments, profilin bound G-actin
monomers can be added to filament barbed ends but not the pointed ends.[45] Thus
filament elongation rate can be accelerated selectively at the barbed ends leading to
polarized growth. Profilin-actin also competes with diffusing G-actin by selectively
favoring specific actin modifying proteins. Recent evidence also suggests that profilin-
actin does not participate in dendritic nucleation by Arp2/3 [46,47]. Instead, filament
proteins like VASP and formin require profilin-actin for effective elongation.[24,48—

50] Recently, Ca?*-Calmodulin-dependent protein kinase II (CamKII), a dodecameric
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synaptic protein, has been found to bind actin filaments. It has been known to inhibit

actin polymerization suggesting a role for G-actin sequestration.[51]

1.1.5 From filaments to networks — the role of filament-filament interactions

in determining actin network architecture

So far, we have discussed several aspects of the cytoskeleton that affect the properties
of individual actin filaments. There are other actin-binding proteins, which can bind to
two actin filaments simultaneously, resulting in actin gels or bundles.[52] These
crosslinker molecules bind two actin filaments separated by 10s of nm length scales to
couple them kinetically and alter the viscoelastic properties of the network. Such
crosslinkers play a key role in force amplification. For example, filaments can produce
piconewton range of forces from leveraging actin polymerization.[53] These forces are
short-lived as sustained elongation of filaments causes buckling of filaments (longer
than 0.7um). Such buckling events reduce the force transmission from polymerization.
However, cross-linked bundles can produce forces of larger magnitude by increasing
the collective stiffness of the network.[54,55] Crosslinker proteins consist of two actin-
binding domains that share calponin homology[56], but there is a great deal of diversity
in the distance between the domains. For example, in Fascin, actin-binding domains
are separated by about 10nm, while in the case of a-actinin, it is between 30 and 40nm.
Filamin has a larger separation of about 160nm.[57,58] The nature and level of
crosslinking also alter the viscoelastic behaviors observed in vitro. If the crosslinks are

less likely to unbind (very low Ky, e.g., scruin, heavy muscle meromyosin), the viscous
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behavior of the cytoskeleton is diminished, and the networks behave as elastic
solids.[59] An increase in the dissociation rate of crosslinkers leads to viscous response
at higher frequency strain rates. Additionally, crosslinker unbinding allows local
relaxation of stress in the network, suggesting that crosslinkers act as dissipative
elements. Such changes could help the actin cytoskeleton in tuning its viscoelastic
response by behaving as rigid elastic solids under deformations that act on the short
timescales while behaving as viscous liquids at long time scales.

In addition to passive crosslinkers, ATP consuming myosins play a crucial role in
key biological functions such as cytokinesis, wound healing, and muscle contraction.
The key isoforms of myosins are myosin I, II, V, VI, and X.[60] All isoforms can
catalyze the dephosphorylation of ATP but differ widely in structure and function. Out
of the many isoforms, myosin II is of particular interest consisting of sub-classes such
as non-muscle, skeletal muscle, cardiac muscle, and smooth muscle myosins. These
myosins are two-headed walkers (rather bipedal) that can polymerize to form bipolar
filaments of myosins. Non-muscle myosins form bipolar filament consisting of 10-30
myosins and are referred to as minifilaments.[61] While individual myosin I molecules
have a low affinity to actin, the bipolar filaments can bind and walk directionally
towards the barbed (plus) ends on actin filaments with higher processivity.[62]
Walking is achieved by a constant switch between weak and strong-binding states.
While all isoforms produce similar forces and displacements per step, they vary
significantly in their intermediary kinetic rates giving rise to functional diversity and

spatial heterogeneity within a single cell.[63] Myosins have been shown to enable the
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stress-stiffening behavior observed in crosslinked actin networks under large strain
rates.[64] Thus, myosins also have a crucial role in conjunction with crosslinkers in
altering the mechanical properties of the actin network through contraction, polarity

sorting, and stress-driven network disassembly.

1.2. Emergent biological network architectures — structure, function,
and signaling-driven control

To achieve directional motility, cells use two unique actin network organizations,
namely linear and dendritic, to effectively mount traction forces on the extracellular
medium. The two have their advantages. Linear actin filaments can be organized as
bundles that aid in the focused transmission of forces over long distances. On the other
hand, dendritic actin networks can be effective when cells also require displacements
over large length scales. It is important to point out that this division of labor is not
without significant overlap, i.e., cell migration is due to a combination of forces
generated by linear and dendritic actin networks.[65] This section outlines the
biological relevance of linear actin stress fibers (explored in Chapter 2), dendritic actin
networks (studied in Chapter 3). Finally, we provide the contexts in which cooperation

between these two network organizations is essential (examined in Chapter 4).

1.2.1 Linear actin networks — Stress fiber bundles

The most studied bundled actin structure is the filopodia. They are finger-like

projections formed of linear actin filaments that are bundled together by crosslinkers
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such as fascin.[1] Filopodia play a vital role in helping the cell explore the extracellular
environment to determine the optimal direction of migration. Typical filopodial
protrusions are ~100nm in diameter and range up to a couple of microns in length.
Electron microscopic images have shown that the filopodial protrusions emerge from
the underlying lamellipodial dendritic network, which we will explain below.[66] A
subset of lamellipodial filaments grows longer than the average (~100nm) to initiate
protrusions against the membrane. This process happens in a fascin independent
manner.(Figure 1-3A) Subsequent crosslinking by fascin causes the long filaments to
segregate into bundled configuration.[65] The sustained elongation of filopodia by the
filopodial tip complex includes linear polymerases such as Ena/VASP family proteins
known to aid in the formation of filopodial protrusions.

Stress fibers are another major class of actin bundles that have received renewed
attention recently thanks to high-resolution microscopy techniques.[67] These bundled
actin structures are found in cultured fibroblasts and endothelial cells.[68] Stress fibers
consist of 10-30 actin filaments bundled together with crosslinkers or crosslinkers and
myosins. As actin filaments are polar, the resulting bundle can be unipolar (both barbed
and pointed ends are clustered), apolar (no specific orientational preference for the
filaments), graded polarity (net polarity of bundle changes along the bundle axis), and
sarcomeric (pointed ends are clustered, shown in Figure 1-3C). Stress fiber bundles are
anchored through focal adhesions to the substrate at either one or both ends. Depending
on the nature of the bundles, there are three main classes of actin stress fibers, namely

dorsal, ventral and transverse arcs (Figure 1-3B).[69] Dorsal stress fibers form near the
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leading edge of the cell from focal adhesions. Focal adhesions are rich in formin

nucleators which result in the formation of unipolar bundles that are crosslinked by a-
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Figure 1-3 Figure shows key actin architectures formed from linear actin filaments A)
Platinum Replica electron micrograph shows filopodia emerging from underlying dendritic,
lamellipodial network in B16F1 melanoma cells. i) Filopodia diffuses and merges into the
surrounding network. ii) Figure shows recently formed filopodia made of two bundles that are
spliced together. iii) The box shown in panel ii is enlarged to show the dendritic architecture
of actin filaments (branching points highlighted as green circles). Bar=0.2um. B) TIRF
microscopy images of U20S human osteosarcoma cells spreading on the fibronectin-coated
surface. Focal adhesions and F-actin were visualized using anti-vinculin and phalloidin stains.
The top right panel shows dorsal, transverse arc, and ventral stress fibers in red, yellow, and
green. Bar=10um C) Structured illumination microscopy images of REF52 cells on the
fibronectin-coated surface reveal spatial localization of a-actinin and myosin along with a
stress fiber. Staining is achieved by simultaneously coexpressing a-actinin-1-mCherry (red)
and TLC-GFP (green). Zoomed insets show local abundances of myosin. Panel Cii) Line scans
along the white line in panel Ci reveal striated spatial localization patterns for myosin and a-
actinin. Scale bar = 2um. Panel A: Republished from [66] with permission of Rockefeller
University Press; permission conveyed through Copyright Clearance Center, Inc.Panel B:
Republished from [69] with permission of Rockefeller University Press; permission conveyed
through Copyright Clearance Center, Inc. Panel C: Reprinted from [70] by permission from
Springer Nature: Nature Cell Biology.

actinin but are devoid of myosin molecules. Both transverse arcs and ventral stress
fibers are formed of graded polarity bundles and are decorated by periodic bands of a-
actinin and myosin resembling the sarcomeric organization found in muscle fibers.[71]
The stress fibers span tens of microns in length and are made of filaments of diverse
filament lengths. Thus the sarcomeric organization is achieved by the local ordering of

filaments where the pointed ends are clustered together by myosin and the crosslinkers
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interact with the barbed end rich regions of the sub-structure (Figure 1-3C).[70] While
these are major contractile elements in certain cell types in stiff substrates, stress-fiber
free migration mechanisms have been observed in cells such as Dictyostelium
discoideum amoeba and leukocytes.[72,73] While we understand the structural
organization of the stress fibers, we do not fully understand the self-organization
mechanism of such sarcomeric bundles. Chapter 2 explores this by studying the
requirements for forming stable actin bundles of unipolar, apolar, and sarcomere-like

organization.

1.2.2 Dendritic actin network

Lamellipodia and actin cortex are the two commonly studied dendritic actin
networks. The actin cortex is formed of short actin filaments that are tethered to the
plasma membrane. These short filaments are crosslinked by a-actinin and motor
proteins. The viscoelastic properties of this network help control cell shape and volume
against osmotic pressure. Under the cortical layer, Arp2/3 driven networks form
lamellipodial protrusions that leverage forces from actin polymerization to generate
migratory forces against the extracellular medium. Such structures consist of
crosslinkers and myosins and play a crucial role in forming filopodial protrusions, as
described earlier.[74] Lamellipodial dynamics involves a spatially heterogeneous
organization of actin modifiers with Arp2/3 and Capping cooperating to promote
filament assembly at the leading edge and severing proteins promoting filament

disassembly towards the back.[74,75] While the organization of such quasi-two-
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dimensional networks has been well studied, the three-dimensional organization of
dendritic networks is still lacking. In contrast, the spatial organization of linear actin
networks has been explored by a series of in vitro experiments with purified
components such as crosslinkers and myosins. To understand the complex organization
of the cellular cytoskeleton, we need to understand the roles of Arp2/3 and other
proteins in sub-micron actin organization. In Chapter 3, we investigate the role that
Arp2/3 plays in actin organization and find that excess branching activity leads to

network fragmentation.

1.2.3 Growth cones - cooperation between linear and branched actin

architecture

During neuronal development, nerve cells project axons over large distances to
initiate neuronal patterning. Growth cones are specialized cytoskeletal structures found
in the tips of growing axons. Growth cones sense and respond to soluble extracellular
cues. Such cues can be attractive or repulsive. Thus, the growth process of the axon is
a chemically guided search process that is steered by changes to the cytoskeleton. These
structures are rich in actin and microtubule (Figure 1-4). Trans-membrane proteins
sense extracellular cues and respond by activating a cascade of proteins that alter the
structure of the cytoskeleton. The exact nature of the signaling cascade is challenging
to ascertain, given that most upstream signals target multiple actin-binding proteins.

Neuronal development in the Drosophila wing is initiated by pioneer neurons that

traverse the embryonic imaginal wing disc tissue to reach the wing base.[76] This
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process initiates a cascade of subsequent growth processes of several other axons that
fasciculate near the wing disc base to form two key nerve fibers L1 and L3, to interface

with the central nervous system.[77,78]

F-actin

ace-MTs

Figure 1-4 Distribution of cytoskeletal actin and microtubule filaments in growth cones.
A. Hippocampal neuron growth cone was fixed and stained for actin, acetylated microtubules,
and tyrosinated microtubules. B. Reprinted form [79], with permission from Elsevier.

Actin and microtubule have been known to play a critical role in the axonal growth
process by orchestrating a coordinated growth response to biochemical signals.
Biochemical evidence suggests that Abelson non-tyrosine receptor kinase (Abl) is a
key signaling protein that controls growth cone motility and guidance. Abl signaling
affects growth cone architecture by promoting branched filament organization while
inhibiting the processive linear polymerase, Enabled (Ena). Such bifurcated signaling
pathways have been recognized in other organisms; for example, in Listeria, motility

is ensured by a balance between Arp2/3 and VASP.[80] Given the impact of Abl
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signaling in growth cones, cooperation between nucleation and elongation has been an
area of growing interest.[81] Chapter 4 explores the effect of the Abl signaling pathway
in axonal architecture and proposes arguments based on changes to actin network
architecture that explain the properties of growth cones measured experimentally under

wild-type and overexpressed conditions.

1.3. MEDYAN: an active matter simulation platform

This section is partly adapted from Aravind Chandrasekaran, Arpita Upadhyaya, and
Garegin A. Papoian. “Remarkable structural transformations of actin bundles are
driven by their initial polarity, motor activity, crosslinking, and filament treadmilling”
PLOS Computational Biology 15(7): €1007156 (2019).[82]

MEDYAN is a mechanochemical force field for simulating active matter,
including cytoskeletal networks. It deeply integrates chemical and transport dynamics
with network mechanics, treating these phenomena on equal footing. MEDY AN has
emerged from earlier efforts to model actin bundle growth in filopodia [83—87], where
both active and passive transport was shown to influence growth dynamics
[117,119,120] critically. MEDYAN’s time evolution protocol is based on alternating
reaction-diffusion and mechanical equilibration steps, where the one-time events are
stochastically generated according to the next reaction method [88], while the
conjugate gradient approach is used to achieve mechanical equilibration [89]. This
propagation scheme takes advantage of the wide timescale separation between slow

chemical processes and fast mechanical equilibration speeds within sub-micron length
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scale volumes containing a portion of an actin network [90]. Furthermore, MEDY AN
can effectively model actin filament polymerization processes and explicit a-actinin
(crosslinker), myosin minifilament (motor) binding, and unbinding events in addition
to myosin walking and mechanochemical feedbacks such as catch and slip bond

behaviors (Figure 1-5).
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Figure 1-5 Schematic shows reaction and diffusion events that are modeled in studies
discussed in this dissertation. A simplified view of chemical events in MEDYAN is shown
in a two-compartment model. Diffusion reactions are modeled as species transfer reactions
between neighboring compartments. Reactive events are modeled according to propensities
calculated in their local environment (each compartment). For example, actin polymerization
on the filament end circled in the right compartment only depends on the number of G-actin
monomers available within the compartment.

In contrast to MEDYAN, other cytoskeletal modeling strategies, such as
Cytosim (Cytoskeletal Simulation) [91,92], AFINES (Active Filament Network
Simulation) [93], and the model by Kim and coworkers [94] rely on the Langevin

dynamics of cytoskeletal components, explicitly simulating thermal undulations at the
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expense of significant diminution of computational efficiency. Among these models,
MEDY AN’s treatment of general reaction-diffusion processes is most comprehensive
(particularly regarding G-actin’s diffusion and reactions). MEDYAN’s mechanical
potentials are the most elaborate, for example, having an analytical excluded-volume
potential representing steric repulsions and complex dihedral angle potentials at the
dendritic actin network branch points (Figure 1-7). A detailed comparison of different
cytoskeletal modeling approaches can be found in Popov et al. (particularly, see Table
S1 of [89]).

In MEDYAN, the reaction volume is divided into voxels based on the
Kuramoto length [89,95]. Diffusing molecules are assumed to be uniformly mixed
within each voxel and diffuse from one voxel to another. Actin filaments can
polymerize and depolymerize from both plus and minus ends based on experimentally
determined rate constants [96]. Filaments that polymerize towards the boundary
experience a reduction in polymerization rate based on the Brownian ratchet model
[97]. In MEDY AN, the growing propensity for an actin filamentous tip is based on the
local, instantaneous concentration of diffusing G-actin in the tip’s neighborhood [89],
while, in comparison, actin filaments grow/shrink at a constant rate in Cytosim, [98].
Furthermore, MEDY AN can explicitly account for ATP, ADP.Pi and ADP bound actin
monomeric states, enabling more elaborate simulations of F-actin polymerization
dynamics [99,100]. In summary, filament length fluctuations and filament treadmilling
can be studied using MEDYAN at the resolution of a single actin monomer. As

elaborated below, we found that these fluctuations play an important role in
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determining whether the bundle stays coherent or undergoes a morphological
transformation.

The most common method to represent a reaction network such as one
described above is by a series of differential equations coupled with one another based
on continuously varying concentrations of reacting species. However, this approach
fails in biologically relevant cases as the concentration of reacting species reduces
extremely low values. Hence, we resort to a stochastic framework based on the number
of each species to represent N reactions based on mesoscopic reaction constants (¢, |t
€ [1,N]). Both stochastic and deterministic methods converge at the thermodynamic
limit [247]. The set of all copy numbers of each reacting species ({Xj}, j € [1,M])
represents the instantaneous state of such a network of dimension M equal to the
number of reacting species. One of the ways of solving such a network is to write a
master equation [248,249]. Such methods often tend to be analytically intractable.
Hence, Gillespie proposed a method [250] through which trajectories are obtained by
picking the time and the reaction at random in each step based on a propensity (ay).
The propensity is defined as,a, = y,c,, where y, is the degeneracy in the number of
ways the reaction could be executed. For example, in the case of 24 — B with X,
copies of 4, y = X,(X4 — 1)/2. Mesoscopic rate constant ¢, can be obtained from

deterministic rate constant k, corresponding to a reaction of order »n in a reaction

n-1
volume V; by,c, = k, (Iz—r) where N4 represents Avagadro number. In this study,
A

we use the next reaction method to simulate the actomyosin reaction network.
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The Next reaction method [88], involves the following steps. Initially, both the time
step 7, (T, = (1 / aﬂ)ln(l /rﬂ)) and propensity a, are calculated for each reaction
where 7, is a random number between 0 and 1. The reaction R with the smallest 7, is
executed and the {a, } that depend on R alone are updated. This is made possible by
the use of a dependency graph for the reaction network. Then, the reactions are
efficiently sorted based on their 7, using an indexed priority queue data structure. This

algorithm offers a significant reduction in computational complexity for the simulation

of a reaction network. This method is used to simulate unipolar actomyosin bundles in

this study.
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Figure 1-6 The mechanical model of actin, o-actinin and myosin minifilaments in
MEDY AN. Double helix structure of actin filament is represented as a series of cylinders (red)
connected together at hinges (black spheres). Stretching (Us"), bending (U*"%) and cylinder-
cylinder excluded volume (U;;*") interactions are elaborated. Crosslinkers (green) and myosin
MF (blue) experience stretching potentials (Ui® and UMF respectively). More details are
provided in the Methods section and the Supporting Methods (section 2).

In MEDY AN, mechanical modeling of actin filaments is based on cylinder
units with equilibrium spacing [5* < [,, (Ig'= 108 nm in this study, [,-persistence
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length) connected with neighboring cylinders at flexible hinges. The persistence length
of actin was reported from experiments as 17um [101]. The MEDYAN force-field
prevents filaments from passing through each other via a novel cylinder-cylinder
repulsion potential that is analytical, in contradistinction to the more widely employed
technique of other comparable force fields, which relies on finding the closest distance
between two cylinders that is used to compute their mutual repulsion [89] (Figure 1-6).
Various MEDY AN mechanical potentials, such as intra-cylinder stretching and inter-
cylinder bending, are shown in Figure 1-6. a-actinin and myosin molecules bound to
actin filaments are modeled as springs connecting two actin filament sites within their
respective binding distances (a-actinin binding distance is in the range 30-40 nm, and
minifilament binding distance is in the range 175-225 nm). For example, those
Motor/crosslinker binding and unbinding are modeled as a single-step chemical
reaction in MEDYAN. In contrast, in other force fields, such as Cytosim, these
processes occur via two elementary steps, comprising separate reactions for each end
of the motor or crosslinker [102]. Please refer to Figure 1-5 for more details on the
chemical reaction events Figure 1-7 for mechanical interactions relevant to this
dissertation.

In MEDY AN, crosslinker unbinding kinetics is modeled as a slip bond, while
myosin unbinding kinetics is modeled as a catch bond based on the parallel cluster
model [62]. A linear force-velocity relationship gives the motor walking rate for motor

walking events. Further aspects of mechanical equilibration and mechanochemical
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feedback loops in MEDY AN and the implementation details of the chemical model are

provided in Appendix A, Supplementary Methods.
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Figure 1-7 The mechanical model for a dendritic filament in MEDYAN. The figure shows
a parent filament nucleating a daughter filament along its side at a particular binding site (green,
filled circle). The panels to the right show the mechanical forcefield employed in MEDYAN
to model essential features of dendritic filament architecture. Vectors considered for each
potential are shown as black arrows. Red dotted lines with arrows show the degree of freedom
that is restricted by the potential. A bending potential is used to restrict the angle between
offspring and parent filament. Also, a harmonic stretching potential is used to couple the
offspring filament to the parent filament. Position of the offspring pointed end, and the out-of-
plane rotation of offspring filament is also restrained with suitable potentials.

The detailed modeling principles employed in MEDYAN reproduce essential
features of active cytoskeletal matter such as contractility and treadmilling, but it comes
with a computational cost. As a result, simulation of cell-scale complex reaction-
diffusion networks of relevant time scales could not be achieved on single-core CPUs.
We will see in Chapter 2 that MEDY ANv3.2 also helps understand the stability and

dynamics of actin bundles. To improve the performance of MEDY AN, we have made
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significant algorithmic improvements and memory optimizations to take advantage of
data locality in the new version, MEDYAN4.2 (employed in Chapters 3 and 4). In
addition, we have also added SIMD algorithms were needed to accelerate the
performance further. Table 1-1 shows the number of monomers and the projected time
to generate 1000s of trajectories in the two versions of the MEDY AN codebase. Taken
together, MEDY AN4.2 is 6-30x faster depending on system size and complexity (Table
1-1). To enable simulation of longer time scales, we have also implemented a protocol
to restart trajectories. This novel feature recreates the stochastic chemical reaction
network with exact propensities and mechano-chemical dependencies, thereby
improving the ability of MEDYAN4.2 to study the long-time scale dynamics of
cytoskeletal networks. The simulations described in Chapters 3 and 4 benefit from this
key feature to simulate large cytoskeletal networks to the 2000s timescale. Taken
together, these efforts significantly improve the performance of MEDYAN taking us
closer to our goal to simulate cell-scale networks. We also discuss further
improvements required both from physical modeling and computational efficiency

points of view to realize simulations of cell-scale networks.

System size Time to simulate }03 s Speed up
MEDY AN version
Volume # actin
3 monomers v3.2 v4.2 v4.2 vs v3.2
1 1.2x10* 11h 2h 5.5
8 9.6x10* 6d, 16h 15h 11
27 3.2x10° 55d, 6h 2d, 6h 25
125 1.5x10° 373d, 14h 13d, 13h 28

Table 1-1 Table of wall time required to simulate 20uM actin networks with M: A=0.05,
and a:A=0.01 for 10%. The table shows various cubic system sizes initialized with 20uM actin

27



(95% F-actin, 5% G-actin). The time required to generate 10°s of trajectories was extrapolated
from three trajectories, each lasting 5s. The expected wall time required is shown in days (d)
and hours (h). Finally, the fold increase in computational efficiency is also shown.

1.4. Outline of Chapters

This thesis investigates the role of actin-binding proteins in the emergence of stable
bundles and dendritic actin networks using computational simulations. MEDYAN,
described in section 1.3, is the primary tool used to study the mechanochemical
dynamics of actin networks. Additional modifications made to the model will be
introduced in each chapter. Each chapter contains an Introduction, Methods, Results,
and Discussion section.

What are the conditions under which stable actin bundles can be formed? To
answer this, in Chapter 2, we study the role that crosslinker, myosin, and treadmilling
play in the stability of bundles that are initially arranged in unipolar and apolar
configurations. We find that myosin concentration is the primary determinant of the
steady-state morphology of the bundles. Under excess myosin activity, bundles deform
into radially-symmetric, aster-like configurations. We also see that excessive
treadmilling can prevent effective crosslinking of filaments causing network
fragmentation. Finally, we show that a delicate balance between filament treadmilling
and myosin activity is required to stabilize sarcomere-like network architectures.

How does Arp2/3, the key branching nucleator, affect the sub-micron actin
organization? We address this question by studying networks with varying levels of
Arp2/3 in Chapter 3. We find that mechanosensitive Arp2/3 activity affects the filament

length distribution of the dendritic network. Arp2/3 activity undermines the myosin-
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driven contractility of the network by preventing force percolation through the network.
This leads to stochastic network fragmentation at high Arp2/3 concentrations. We
describe a novel mechanism of fragmentation where myosin activity dominates the
network organization of actin initially, but Arp2/3 activity determines the steady-state
network properties.

How does biochemical signaling affect the structure and dynamics of growth
cones? Biochemical analyses on Drosophila growth cones reveal that the architecture
of actin networks in growth cones involves an optimal balance between linear and
dendritic actin networks by a critical signaling protein, Abl. Abl alters network
architecture by simultaneously promoting Arp2/3 while inhibiting Enabled. As
experimental limitations prevent imaging of individual actin filaments in Drosophila
growth cones, we use MEDYAN to study the effect of Abl on actin architecture. We
find that among the two downstream effectors of Abl, Arp2/3 and Ena, Arp2/3 is a
stronger modulator of filament length and actin organization in growth cone mimics.
Consistent with experimental observation, excess Abl activity causes network
fragmentation. We try to understand the mechanochemical consequence of such a
fragmented state by studying the mechanical and mechanochemical responses of the
networks to perturbations. We conclude that spatial network fragmentation at Abl
overexpression also hampers the mechanochemical properties of the network. We
propose that the mechanochemical fragmentation observed in silico could explain the

abnormal growth patterns observed in vivo.
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Chapter 2 Remarkable structural transformations of actin
bundles are driven by their initial polarity, motor activity,
crosslinking, and filament treadmilling

This chapter is adapted from Aravind Chandrasekaran, Arpita Upadhyaya, and
Garegin A. Papoian. “Remarkable structural transformations of actin bundles are
driven by their initial polarity, motor activity, crosslinking, and filament treadmilling”

PLOS Computational Biology 15(7): €1007156 (2019).[82]

2.1. Introduction

Understanding emergent behaviors in the actin cytoskeleton is essential, since key
biological functions such as cellular growth, division, and motility depend on
cytoskeletal dynamics. Actin networks are transient and malleable within a single cell,
constantly forming and remodeling various micro-architectures at different cellular
locations. One salient class of such actin structures are actin bundles [68,103], which
appear both in the cell body as stress fibers [69,104,105], or in specialized cellular
processes such as filopodia [106—108], stereocilia [109—111], and microvilli [111-
113]. The formation and functionality of bundles are spatially and temporally regulated
by various proteins that interact with actin, including nucleation factors [69,114],
crosslinkers [115,116], and molecular motors [117]. Depending on the cellular context
and specific influence of actin regulatory proteins, different bundle structures emerge
[118-120], with distinct functional roles as elaborated next.
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First, due to individual actin filaments' polarity, an actin bundle may be unipolar,
apolar, sarcomeric, or graded polarity (Appendix A, Figure A-1) [103], being tethered
at either one or both ends via a cross-linker or a molecular motor. Cellular structures
of unipolar bundles are ubiquitous across living cells: they aid in cytoplasmic streaming
in pollen tubes [121-123] as well as in fungal hypha formation [124]. Unipolar bundles
are found in animal cells in filopodia [125] and proximal dorsal stress fibers [69,71].
These structures are usually crosslinked but do not contain myosin as active
crosslinkers in vivo [126]. However, there is evidence for myosin minifilaments, which
are polymers of 10-30 myosin units [127], walking through tracks of unipolar bundles
[128] under in vitro conditions. Non-muscle myosin II-A isoform minifilaments
(NMII-A) [129] incorporate into dorsal stress fibers when these stress fibers are
connected to transverse arcs [126]. Recently, NMI has also been implicated in
filopodial force generation in neural growth cones [130]. Other actin bundle
organizations, such as apolar bundles, underlie the portions of stress fibers near the cell
center in fibroblasts [131], in sections of contractile rings [132,133], and sections of
ventral and transverse stress fibers. Composite apolar bundles are mostly found as two
unipolar precursor bundles interacting with one another due to filament sliding in
response to NMII-A activity [128]. Finally, more finely organized polarity
arrangements are found in sarcomeric ordering, which has great significance in
generating the contractility of stress fibers [68,103].

The large variety of actin fibers and their distinct functional roles have instigated a

growing interest in how various factors, such as crosslinking activity and minifilament
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concentrations, affect the dynamics and stability of bundles having unipolar and apolar
organization. Another salient property of many actin bundles, namely, non-sarcomeric
contractility [134—136], has also been a focal topic of experimental and computational
studies. An agent-based model was employed by Zemel et al. to study one-dimensional
unipolar and apolar bundles of 10um length under different concentrations of motors
moving according to prescribed force-velocity relations [137]. They found that apolar
bundles readily undergo sliding motions resulting in internal sorting. However, the lack
of spatial details in their model did not allow predictions of the stability of bundle
morphology under the influence of myosin. Dasanayake et al. [138] simulated actin
bundles of 10um length, modeled in 2D, considering explicit filament stretching and
bending in addition to minifilament stretching forces in a confined volume. They found
that apolar bundles exert higher wall stresses than parallel filaments.

Nevertheless, it is still unclear how actin bundles behave at long time scales under
a wide range of crosslinker and myosin concentrations, especially if they were to be
modeled in three spatial dimensions. The latter point should be emphasized because
studying actin bundles in 3D is crucial for reconciling with the phenomenology of
bundles observed under in vivo cellular conditions. Recent studies in three dimensions
by Kim and coworkers indicated that filament polarity plays an important role in bundle
formation from disordered actin networks [139] and tension generation [94,139]. To
shed further light on the mechanochemistry of actin bundles, in this work, we set out
to establish the fundamental principles that govern the stability of two fundamental

bundle organizations, namely, purely unipolar and apolar bundles.
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Understanding conditions that either stabilize or destabilize various bundle
geometries will shed light on the basic principles that govern the cytoskeletal
organization, bringing insights into complex in vivo processes, such as cytoplasmic
disassembly [140] and actin network turnover [141-143]. For example, the stability of
untethered bundles is likely to depend on their internal polarity structure and
crosslinker and myosin motor conditions. Furthermore, cells modulate actin filament
turnover through a host of mechanisms such as filament severing [ 144—146], branching
[52,103], and capping [23,147]. As a result, in vivo turnover rates are orders of
magnitude faster than those commonly observed in in vitro experiments [145,148—
150]. In general, actin turnover plays a critical role in the stress relaxation of entangled
actin networks at longer timescales. For example, skeletal myosin is known to fluidize
actin networks at very low mole ratios (myosin head to total actin mole ratio, M: A
0.0039) [151].

On the other hand, myosin‘s catch bond behavior can lead to long residence
times, resulting in actin networks maintaining significant internal stresses at high
myosin concentrations. Also, transient passive crosslinkers arrest network
configurations and prevent relaxation. However, crosslinker unbinding events allow
for slow reconfiguration dynamics [152,153]. The crosstalk between filament turnover
and crosslinker mechanokinetics has not been comprehensively studied under a wide
range of conditions. Hence, it is also necessary to explore the stability of bundles under

a broad set of treadmilling rates.
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To address the above-outlined problems, we have used MEDYAN
(MEchanochemical Dynamics of Active Networks) mechanochemical force field [89]
to study the stability and dynamics of untethered actin bundles under a diverse set of
polarity arrangements and levels of a-actinin crosslinker, myosin minifilament, and
treadmilling conditions. MEDY AN is further elaborated in the Methods section below.
Our main finding is that unipolar bundles preserve bundle morphology at a broader
range of crosslinker and myosin concentrations than apolar bundles—the latter
experience morphological instability due to being more susceptible to myosin-induced
intra-bundle filament sliding and shearing. We also show that three salient
microarchitectures eventually emerge when simulating various untethered bundles
under different conditions --- bundles, asters, and bundle-aster hybrids. Asters are
filamentous networks exhibiting radial polarity sorting, with barbed ends clustered
towards the aster center. We also investigated how the resulting phase diagrams depend
on the speed of treadmilling. We found that network catastrophes, characterized by
poorly crosslinked low-density networks with obscure morphologies, occur when
crosslinking cannot keep up with filament extension. Overall, our studies demonstrate
that while a stand-alone apolar bundle is stable under a significantly narrower set of
conditions than unipolar bundles, this geometric arrangement can serve as an essential
precursor to rich network remodeling phenomena such as global polarity sorting and

sarcomeric organization.
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2.2. Methods

Stochastic trajectories of actomyosin bundles were generated using MEDYAN, a
mechanochemical forcefield developed in the lab. In MEDY AN, reactive species that
are in/bound to the filamentous phase are modeled differently from the freely diffusing
species. To achieve this multi-resolution description of actin networks, the reaction
volume is divided into compartments of size 500nm, where the size of the cube was
determined based on the rate of the fastest reaction (barbed end polymerization) in the
system. The diffusing species such as unpolymerized actin (G-actin), unbound
crosslinkers, and unbound myosins are defined at a spatial resolution of a single
compartment. We assume uniform mixing of such species within any compartment,
and so, such molecules lack spatial coordinates. Actin filaments, on the other hand, are
explicitly modeled as beads connected by non-deformable cylinders. Filament
polymerization and depolymerization reactions are defined at each end of the filament,
and binding reactions for crosslinkers and myosins at different points along with the
cylinders that form an actin filament.

Once the chemical species are defined on their respective spatial scales, stochastic
trajectories are evolved using a variation of the Gillespie algorithm called the next
reaction method.[88] As MEDYAN uses a spatially resolved Gillespie algorithm,
mechanical costs are defined for each network configuration using forcefields defined
in the Introduction of this dissertation. The mechanical stress accumulated due to

chemical perturbations is periodically equilibrated, and new reaction rates are defined
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based on the network configuration at mechanical equilibrium. These cycles of steps
are iteratively solved to generate 2000s long trajectories of actin bundles.

Initial structures for all our simulations were based on 2 um long actin bundles,
comprising 30 actin filaments that correspond to in vivo stress fibers [131], where the
internal arrangements of filament polarities were in either unipolar or apolar
geometries. Filaments were initially placed on a hexagonal lattice with a spacing of 35
nm as found in experiments [154,155]. Bundles were modeled with a-actinin and
NMIIA minifilaments that can bind and unbind from actin filaments. Bundles were
simulated at 7 different concentrations of a-actinin (0t-actinin to total actin mole ratio
referred to henceforth as o:A 0.01, 0.05, 0.1, 0.25, 0.4, 0.6, 0.8) and 6 different
concentrations of myosin ( myosin head to total actin mole ratio referred to henceforth
as M:A 0.0225, 0.045, 0.09, 0.18, 0.225, 0.675). Each 2000 seconds long, eight
trajectories were generated for each of the 6x7=42 mole ratio pairs (a:A, M: A) studied.
Besides, we also studied how the speed of filament treadmilling influences bundle
stability. Myosin mole ratios of 0.0225 0.045, 0.225, and 0.675 were considered at a: A
0.01, 0.1, and 0.4 to investigate how all observed non-treadmilling morphologies
behave under different treadmilling conditions. Treadmilling speed was varied by
simultaneously altering polymerization and depolymerization rates at both filament-
ends by the same factor . As a reference, y=1.0 corresponds to the in-vitro treadmilling
rate. We chose the following y values (0.1, 0.3, 0.6, 1.0, 3.0, 6.0, and 10.0), hence
mimicking treadmilling speeds that are slower and faster than the in vitro rate. As a

technical detail, in this work, we have developed a flexible volume protocol that
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permits expanding and contracting the reaction volume along the X-axis, which allows
avoiding artificial boundary effects on the bundle’s major axis in a computationally
efficient manner. This technique is further elaborated in Supporting Information
(Appendix A, Section A.9). 7 trajectories were generated for each combination of the
myosin mole ratio, a-actinin mole ratio, and y factor.

In order to understand the underlying morphologies sampled, we devised a
hierarchical clustering scheme. To carry out structural clustering of obtained bundle
configurations, we first computed the distributions of plus-end -- plus end (Dis"™),
minus-end -- minus end (Dis™), and plus-end -- minus end (Dis"") Euclidean distances.
Jensen Shannon divergences [156] between each of the 42-mole ratios taken pair-wise
were used to construct initial -condition-specific dissimilarity matrices (Appendix A,
Figure A-12). The complete linkage method [157] results in a hierarchical cluster,
which we visualized as dendrograms (shown below). Appendix A, Section A.5

provides further details on the clustering algorithm.

2.3. Results

2.3.1. Long timescale morphologies of actomyosin bundles are primarily
determined by their initial polarity and the myosin concentration

A wide array of steady-state network morphologies emerge when non-treadmilling
bundles with the initial unipolar organization (non-treadmilling-BUInit) and initial

apolar organization (non-treadmilling-BAlInit) were simulated under a broad set of a-
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actinin and myosin concentrations (Figures 2-1 and 2-2). A trajectory is considered to
have reached a steady-state when the network’s radius of gyration reaches a stationary
value (Appendix, Figure A-10). We found that for any combination of a-actinin and
myosin ratios, marked differences are observed between steady-state network
morphologies of apolar and unipolar bundles. More specifically, antiparallel filaments
show a strong tendency to mutually slide in response to myosin activity due to the latter
being unidirectional walkers. To quantitatively characterize the resulting network
morphologies, we applied a novel structure-based clustering analysis that we have
developed in this work (Appendix A, Section A.5), which revealed dominant network
morphologies preferred under various conditions, as elaborated below.

The resulting dendrograms reveal three broad clusters closest to the root,
colored in green, red and blue, pointing to three major network morphologies (Figures
2-3): bundle-like (BL), aster-like (AL), and aster-bundle intermediate (ABI) states. We
also considered an alternative morphology classification technique based on network
radial distribution devised by Freedman et al. [158] (see Appendix A, Figure A-3) and
a combination of nematic order and shape parameters (see Appendix A, Figure A-2,
and Supplementary Methods Section A.6 and A.7). Both order parameters delineated
well the bundled morphologies from the aster-like morphologies. However, the
hierarchical classification strategy introduced in this work was also able to identify the

intermediate bundle-aster morphologies.
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Figure 2-1 Representative snapshots show network morphologies from simulations of
unipolar bundles under different crosslinker and myosin mole ratios with respect to the
actin concentration. Each panel shows a steady-state network configuration of actin (colored
in red) along with bound myosin minifilaments (blue) and o—actinin (green). Mole ratios of
myosin and o-actinin with respect to actin are held at values mentioned along abscissa and
ordinate of the grid, respectively.
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0.225

Figure 2-2 Representative snapshots show network morphologies from simulations of
apolar bundles under different crosslinker and myosin mole ratios with respect to the
actin concentration. Each panel shows a steady-state network configuration of actin (colored
in red) along with bound myosin minifilaments (blue) and a—actinin (green). Mole ratios of
myosin and o-actinin with respect to actin are held at values mentioned along abscissa and
ordinate of the grid, respectively.

Some reflection on the internal structure of these dendrograms shows that
within each initial polarity arrangement, NMIIA concentration is the primary driver of
the resulting network morphology (see Figure 2-3). Specifically, the same highest level
clusters are formed from configurations with similar M: A ratios, while finer-grained
additional clustering is determined by other factors, such as the crosslinker (a-actinin)
concentration. The effect of myosin is primary because, at high motor concentrations,
inter-filament distances become significantly widened outside of the a-actinin binding

compatibility zone of 30-40 nm. This, in turn, crucially depletes the network of
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crosslinker binding sites (Appendix A, Figure A-4), hence, greatly diminishing parallel
alignment among actin filaments and, subsequently, destabilizing the bundled phase.
It is interesting to compare our finding of the depletion of crosslinkers with increasing
myosin concentration with the recent simulations that studied the sorting of two
different crosslinkers along with an actin bundle. Freedman et al. have established that
a significant length difference between two actin-binding proteins, when combined
with a specific range of the filament bending moduli, can result in spatial sorting of
crosslinkers along a bundle [159]. Here, we found that active myosin walking may
significantly increase overall inter-filament separation, reducing the number of sites
available for crosslinker binding in the bundles studied here, which presumably should
have important implications for the sorting phenomenon in the presence of molecular
motors.

When simulations were started with initial unipolar conditions, bundle-like
states were stable when M: A <0.09 (21/42 cases = 50% of all M: A/a:A mole ratios
studied). On the other hand, initial apolar arrangements result in stable bundle-like
states only in ~20% (7/42) of the cases (i.e., when M: A = 0.0225). Thus, unipolar
bundles are stable under a significantly more comprehensive range of conditions than
their apolar counterparts. We tracked this difference primarily to myosin activity in
apolar bundles giving rise to two thin polarities sorted sub-bundles that are together
much longer than the initial bundle length and mutually interact via their barbed ends
(see Figures 2-1, and 2-2). The resulting thinner bundles are more susceptible to

bending deformations than the corresponding unipolar bundle.
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Consequently, at the time scale of about 30 minutes probed in this work,
unipolar and apolar bundles arrive at different metastable morphologies despite being
under the same crosslinker and myosin conditions. Presumably, if these systems were
to be ergodic, bundles are expected to eventually evolve to identical steady-state
configurations regardless of the initial polarity arrangement. However, as shown in our
previous works [160,161], cytoskeletal dynamics may be sufficiently glassy such that

only metastable states are reachable over a laboratory timescale.
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Figure 2-3 Dendrograms illustrating clustering of different resultant actin network
morphologies from either unipolar (left) or apolar (right) bundle initial configurations.
Distributions of distances between minus-minus, minus-plus, and plus-minus ends were used
to construct dissimilarity matrices for both unipolar and apolar cases. Agglomerative cluster
trees were encoded from the above-mentioned dissimilarity matrices and then drawn as
dendrograms. The three largest clusters are shown in red, blue, and green, along with final
representative snapshots. a:A values are indicated close to the snapshots, while M: A values
are indicated for each sub-cluster. Clades corresponding to bundle-like configurations are
colored in green, while aster-like configurations are colored in blue. Intermediate states that do
not resemble either network morphologies are colored in red.

Under very high myosin activity (M: A = 0.675), both unipolar and apolar bundles
undergo a morphological collapse, preferring radially symmetric aster-like structures

(the last column in Figures 2-1, and 2-2). We note in passing that in cells, asters are
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primarily found in microtubule networks as radially symmetric structures with filament
plus ends spatially clustered together [162,163]. Actin networks are also expected to
form radially polarity sorted asters [164]. Such structures have been found in vitro
treadmilling actin networks subject to skeletal muscle myosin (M: A 0.1), fascin, and
myosin [165] or just skeletal muscle myosin (M: A 0.02) alone [166,167], with the
filament plus ends oriented towards the center of the aster.

The increased processivity of muscle myosin partly explains the difference in
threshold myosin ratios between skeletal muscle myosin and NMIIA for the onset of
aster-like structures. Actin asters were observed in-vitro when cytoskeletal structures
were destabilized using Cytochalasin D [140]. Recently, they were shown to be
essential in fission yeast cells during fusion [168,169]. Fission cell actin asters are
considered to be formed due to Fusl nucleators and multimerization of Myo51 and
Myo52 [169]. Overall, we found that experimentally observed salient network
morphologies of treadmilling networks can also be sampled in our simulations under

non-treadmilling conditions.

2.3.2. Initial polarity arrangement plays a vital role in the evolution of the
treadmilling bundle morphology

Next, we investigated the combined effect of network turnover and
mechanokinetics (crosslinker and NMIIA) by including actin filament polymerization
and depolymerization processes in bundle simulations analogous to the systems

discussed above. In the treadmilling study, steady-state was defined when the average
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filament length fluctuations reach their stationary values (Appendix A, Figure A-11).
To systematically modulate filament treadmilling, we varied polymerization and
depolymerization rates at both barbed and pointed ends by a factor y between 0.1 and
10.0, where lower y values correspond to slower treadmilling rates. We modeled a
reaction volume having dimensions of 4 um x 1.5 um x 1.5 um, with an initial total
actin concentration of 5 uM, where the simulation box can expand and contract along
the major axis based on the instantaneous bundle length (more details are provided in

Appendix A, Supplementary Methods, Section A.9).
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Figure 2-4 Schematic of preferred network morphologies under different values of the
triad. Cartoon illustration of primary network morphologies of bundles expected in a) unipolar
and b) initial apolar configuration at different ranges of the triad, namely ¥=0, 0>¢<1.0, and
¥>1.0. Morphologies observed at discrete values of the triad and results from clustering
(Appendix A, Figure A-4) were used to propose the map above. Colored voxels are used to
represent distinct zones of preferred network morphologies expected. The dotted line represents
uncertainty in the boundary. Dotted lines within white bands represent the crosslinker- and
myosin-dependent boundaries between stable and unstable networks.
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We investigated both unipolar and apolar bundles at M: A mole ratios of 0.0225,
0.09, 0.225, and 0.675, whereas a:A was sampled at 0.01, 0.1, and 0.4. These values
were carefully chosen to capture the different salient network morphologies manifested
under non-treadmilling conditions (non-treadmilling-BUInit and non-treadmilling-
BAInit), namely, BL, AL, and ABI states. 7 trajectories, each 2000 seconds long, were
generated for each of the 84 triad conditions (a:A, M: A, y), starting from either
unipolar (x-BUlInit) or apolar (y-BAlnit) initial conditions. Like non-treadmilling
bundles, the classes of network morphologies mentioned above were determined by
clustering trajectories from 84 triads using the same clustering protocol (Appendix A,
Figure A-12). We classify connected networks with morphologies that do not belong
to BL, AL, or ABI as either Type A catastrophes if the networks are fragmented into
smaller clusters or Type B catastrophes, where filaments in the network are poorly

connected (Appendix A, Figures A5-A9).
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Figure 2-5 The effects of treadmilling factor () and myosin sliding on the morphologies
of BAInit networks are illustrated. The upper panel shows a cartoon of filaments (red) with
barbed ends (black tips) representing various orientational arrangements realized in our
simulations, determined by the interplay between the treadmilling rate and myosin activity.
Representative final snapshots from simulations at M: A 0.0225 at various crosslinker mole
ratio (a:A) and y values are shown. For networks with y=1.0 (c), the probability of finding
NMIIA (dotted line) and a-actinin (solid line) along the bundle axis are plotted in panel d.

We found that these catastrophes emerge from the interplay between inter-filament
connectivity and treadmilling. Net depolymerization characterizes treadmilling at
minus ends, and filament growth at the plus ends. In particular, increasing y leads to
faster filament growth at plus ends (and faster depolymerization at minus ends). In
these systems, network stability is assured as long as the newly formed filament
segments are effectively crosslinked. Under conditions where the latter does not occur,
filament treadmilling dominates the system’s structural evolution, leading to poorly
connected networks. When well-structured initial bundle configurations result in a

highly fragmented network, we denote such transitions as catastrophes (Appendix A,
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Figure A-5). On the other hand, at higher mole ratios of a-actinin or myosin, the rate
of inter filament connections is enhanced, which prevents network catastrophes.
Having established how inter-filament connections influence network stability, we next
investigated the effect of treadmilling speed. Our clustering analysis indicates that
treadmilling networks starting from initial unipolar configurations attain BL and ABI
morphologies (i.e., non-aster, non-fragmented morphologies) in 33/84 (~40%) cases,
compared to 19/84 (~21%) cases for the initial apolar configurations. On the other
hand, the initial apolar arrangements lead to aster-like structures in 39/84 (46%) cases
contrasting against 20/84 (24%) cases for the unipolar cases. Taken together, these
results demonstrate that treadmilling bundles that were evolved from initial unipolar
configurations are less likely to undergo morphological collapse than those evolved
from initial apolar configurations.

Based on the network morphologies observed at the sampled triad combinations, we
suggest the following two phase diagrams, shown in Figure 2-4, indicating dominant
network morphologies as functions of M: A and y. To justify the choice of these two
order parameters, we point out that a-actinin dynamics determine bundle stability in
conjunction with myosin, however, affecting only very weakly the final network
morphology of stable networks. Figure 2-4a suggests that treadmilling unipolar
networks sample similar network morphologies to the non-treadmilling cases for y
<1.0. At larger y values, network treadmilling dominates as crosslinkers and
minifilaments cannot effectively connect filament segments that are formed, leading to

network catastrophes (Appendix A, Figures A6-A9, see snapshots from simulations
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with ¢ >1.0) On the other hand, treadmilling apolar bundles lead to aster-like states
(under non-catastrophic triads). The BL, ABI morphologies sampled by treadmilling
apolar bundles have rich diversity due to the interplay between myosin activity and
treadmilling, as explained later.

We finally discuss the weak influence of crosslinkers on the morphology of a
treadmilling network. We found that unipolar bundles treadmilling at a:A=0.01 and
under low myosin mole ratios (0.0225, and 0.09 shown in Appendix A, Figures A6 and
A7)%=1.0 result in network catastrophes. However, significantly increasing
crosslinker concentration (e.g., between 10 and 40 folds) can rescue such networks to
prefer bundle-like/intermediate morphologies. These findings are in qualitative
agreement with the observations by Bidone et al. [139] that at high crosslinker
concentrations, bundles form robustly from networks obtained from a wide range of

initial orientational biases (at M: A=0.08).

2.3.3. Treadmilling apolar bundles attain a diverse set of network
morphologies at long time scales

Under low myosin activity conditions, treadmilling bundles starting from an apolar
arrangement generate a remarkably diverse set of final network morphologies,
primarily based on how filament barbed ends are spatially localized (see Figure 2-5).
These emergent network geometries arise from the tug-of-war between myosin activity
and filament treadmilling. On the one hand, treadmilling apolar bundles are subject to

the continuous process of plus-end extension and minus-end retraction. On the other
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hand, myosin activity drives the mutual sliding of neighboring filaments. If the rate of
plus-end extension is slower than myosin sliding, myosin activity dominates, leading
to two unipolar bundles connected at their plus ends (Figure 2-5a) or to networks with
overlapping plus end segments (Figure 2-5b). Conversely, under vigorous plus end
extension conditions compared with myosin sliding, the network transitions to polarity
sorted bundles interacting at their minus ends via myosin (Figure 2-5c).

Modulation of  also controls the overall distribution of myosin minifilaments in such
bundles. The computed spatial distributions of myosin minifilaments and a-actinin
under low myosin concentrations (Fd) indicate that myosin spatially segregates close
to pointed ends, characteristic of sarcomeric ordering [70,118,135]. The latter arises
when myosin minifilaments interact with minus ends flanked on either side by plus

ends.

2.4. Discussion

Actin bundles are essential for cellular stability, growth, and mechanosensing.
While prior experimental and modeling research has primarily focused on bundle
formation processes [98,139,170,171], we have addressed the stability and temporal
evolution of various bundle configurations in this work. We used MEDYAN, a
mechano-chemical forcefield based on molecular principles, to simulate bundle
dynamics in 3D. The dimensionality of the model is crucial as filament deformations,
and mutual interactions are markedly dimension-dependent. This study

comprehensively analyzed how a-actinin and myosin influence the stability and
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morphological transformations of unipolar and apolar actin bundles. We discovered
that at time scales of about 2000 seconds, non-treadmilling unipolar bundles are stable
under a broader range of crosslinker and myosin mole ratios than apolar bundles. At
high myosin mole ratios, we observed aster-like states characterized by interacting
barbed ends grouped in the center of the cluster with radially emanating pointed ends.
We also investigated how actin turnover affects bundle morphology fates by
developing and applying a simulation protocol that allows moving system boundaries.
Our results indicate that both unipolar and apolar treadmilling bundles undergo network
catastrophes when the network’s ability to form inter-filament connections is
insufficient compared to the treadmilling speeds. In vivo cytoskeletal networks
undergoing fast treadmilling may avoid such undesired fragmentation using additional
mechanisms such as filament capping and actin filament nucleators.

Interestingly, at high myosin concentrations, even quick treadmilling does not
rescue the network from transitioning to aster-like configurations. On the other hand,
at low myosin activity, initially apolar bundles explore a diverse spectrum of network
organizations attributed to the tug-of-war between minifilament activity and filament
treadmilling. Under certain conditions, interesting, biologically relevant architectures
emerge, such as sarcomeric-like organization. We are not aware of prior models that
resulted in the spontaneous assembly of sarcomeric arrangements without imposing
spatial restrictions on crosslinkers. In particular, previous attempts to reproduce the

sarcomeric distribution of treadmilling apolar networks relied on various assumptions,
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such as preferential binding of passive crosslinkers near plus ends [118] or considered
systems with both plus and minus end-directed motors [172].
Finally, we reflect on the biological consequences that follow from this work.
We found that treadmilling bundles with initial apolar configuration are poised to
undergo a remarkable morphological response to the perturbations of the environment,
such as alterations of myosin activity or treadmilling rates. However, this level of
sensitivity to parameters might be potentially detrimental to the overall stability of the
cellular actin network. On the other hand, if only a tiny fraction of the cytoskeleton is
organized as apolar bundles, the latter can sensitively respond to various signaling cues
that affect the local concentrations of actin-binding proteins. Thus, we propose that
apolar bundles might be crucial to cytoskeletal robustness and adaptation in scenarios
that demand drastic structural reorganization. The ability to rapidly change network
morphology might be necessary for specific cellular functions where force production
or rapid cellular reorganization are necessary. Overall, the optimal choice of bundle
architecture should be determined by the specific cellular processes that it affects: for
example, in the case of cargo transport [173] or protrusive growth [174], a structurally
stable unipolar bundle would be the optimal choice, while contractile elements that
require frequent reorganization would be more robust when apolar bundles are
incorporated into their architectures [69,175].
In summary, we simulated actin bundles in 3D while explicitly accounting for
excluded volume interactions, diffusion of actin, crosslinker and NMIIA proteins, and

numerous chemical and mechanical processes that enhance the model’s realism. We
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systematically studied the influences of initial bundle polarity, concentrations of
myosin and a-actinin, and the network turnover rate, finding a vibrant palette of bundle
evolution trajectories, from stable bundle states to asters and sarcomeric organizations.
Additional effects may be considered in future works, such as actin filaments
transiently tethering to the substrate and nucleation of filaments via formins or Arp2/3,
which will bring us closer to achieving a complete understanding of bundle dynamics

under in vivo conditions.
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Chapter 3 Branching activity modulates network organization
between connected and fragmented states in a myosin-
dependent manner

This chapter is adapted from a manuscript in preparation. Aravind Chandrasekaran,
Edward Giniger, and Garegin A. Papoian. “Branching activity modulates network
organization between connected and fragmented states in a myosin-dependent

manner.”

3.1. Introduction

Biological systems rely on the self-organization of their constituents to perform
specific functions. To perform a wide range of physiological functions, cells respond
to signals through drastic changes in their shape and organization. These changes are
partly due to the cellular cytoskeleton. Cytoskeleton reorganizes through a host of
actin-binding proteins to self-organize into various self-assembled structures through a
delicate balance between myosin-driven forces and viscoelastic dissipation[100,176].
This cytoskeletal distribution, moreover, is not random. The cell cortex forms a sub-
membranous actin shell that surrounds the cell and gives it a characteristic shape.
Additionally, actin forms a nuclear cage and comet-tails behind transporting organelles.
Local actin masses develop at sites of nascent plasma membrane protrusions, providing
the force needed to generate elaborate cellular projections and reproducibly under the

instruction of signaling molecules from the surrounding environment.
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While such biologically relevant processes involve actin, motor proteins
(myosin), and passive crosslinkers, rapid reorganization of cytoskeleton requires
additional mechanisms such as actin nucleation, branching, and severing. Our current
understanding of actin organization is informed by minimal models of linear actin
networks.[59,166,177-180] While they offer critical mechanistic insights, they have
limited scope in informing us of cytoplasmic actin networks, which include additional
processes that modify actin organization. As a result, little is known about the self-
assembly of actin networks with such actin modifying proteins. It is essential to
understand the role that NPFs play in network architecture and mechanical properties.
Here, we study how the dynamics of actin branching affect the structural properties of
the actin network.

The organizational principles by which actin, myosin, and ancillary cofactors
collaborate to create dynamic cytoskeletal structures are active research areas
[176,178,181-184]. F-actin filaments in solution undergo entropically driven nematic
ordering transitions[185,186] at threshold actin concentrations determined by filament
lengths[187,188]. Subsequent studies on actin network organization focused on kinetic
mechanisms by which passive crosslinkers such as a-actinin[189], fascin[190], and
filamin[177] modify dilute suspensions of long, linear actin filaments and also studied
the mechanical properties of resulting networks. As passive crosslinkers can kinetically
trap the actin filaments in the overlapped state and induce local contractility[160],
crosslinked networks exhibit viscoelastic properties. Additionally, varying crosslinker

concentration results in an actin network with a wide array of properties[191-194]. Of
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particular interest is the study by Weirich et al. in which networks of sub-micron actin
filament lengths above a threshold crosslinker concentration readily undergo density
transitions to form disconnected high-density aggregates. The aggregates are
anisotropic, resulting in a tactoid shape that increases in time till a steady state is
reached.[177] Adding low concentrations of skeletal myosin to the system results in
myosin alignment along the tactoid mid-plane, while higher concentrations of myosin
lead to shape change resulting in two tactoids coupled together by myosin.[178] At
larger filament lengths, myosin-driven forces reorganize isotropic networks into either
multiple locally contracted clusters or a single globally contracted cluster based on
crosslinker concentration.[184,195]

Branched nucleation is a key mode of actin reorganization in living cells.
Branched nucleation is primarily controlled by the actin-related-protein-2/3 (Arp2/3)
complex, which accelerates nucleation by mimicking the presence of two actin
monomers.[17] Arp2/3 nucleates filaments on the side of existing filaments at a 70°
angle.[16,196] Branching and debranching activities have profound effects on cell
shape and dynamics [197,198] and indeed are commonly found to be central targets of
the external signals that regulate cytoskeletal events[14,15,199,200]. Computational
studies on disordered dendritic actin networks have helped identify the kinetic[201]
and mechanical[202] differences between linear and dendritic actin networks. Both
studies inform us of dendritic network dynamics in the absence of force-sensitive
Arp2/3 kinetics. Growing evidence on the force-sensitive unbinding of Arp2/3 suggests

a key role for mechano-sensitivity in cytoplasmic dendritic networks.[203,204]

55



Here, we subject micron long actin filaments crosslinked by a-actinin and myosin
to varying concentrations of Arp2/3 branchers in a cylindrical volume of 23.56um?>.
We show that branching molecules modulate the length distribution of the actin
network through their nucleation activity. While networks under low branching activity
organize into globally contractile structures, highly dendritic networks organize into
locally contractile, fragmented networks characterized by actin droplets of
heterogeneous volumes. We show that networks with low branching activity are
dominated by myosin-driven contractility. On the other hand, networks with high
branching activity are initially dominated by myosin-driven contractility, but
branching-driven network fragmentation determines the steady-state network

organization.

3.2. Methods

All simulations performed in this work were carried out in MEDY AN [89]. We chose
a cylindrical reaction volume of 2um diameter and 7.5pum height to avoid artificial edge
dependent biases found in cuboidal systems. Simulations were performed with 400
randomly oriented, 40 monomers long, seed filaments, and 20uM diffusing actin.
Filaments are represented as rigid cylinders that are joined at hinge points. While the
cylinders resist stretching, bending deformations are allowed at the hinge points. Each
cylinder is 40 monomers long, with four binding sites available to bind
linker/motor/brancher molecules. In order to recreate a contractile network, the
network was subjected to non-muscle myosin [IA (NMIIA) minifilament (M: A=0.1)
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and a-actinin (a:A=0.01). Linear networks described above were evolved for 1s before
activating Arp2/3 molecules. Stochastic chemical evolution in MEDYAN is achieved
through the next reaction method [88]. Diffusion and reaction events are modeled at
the level of an actin monomer. Spatial description of filaments along with necessary
mechanical forcefields accurately captures stress build-up during chemical evolution.
The accumulated stress is released using a gradient descent algorithm every 25ms of
chemical evolution to account for mechano-chemical effects. In MEDY AN, unbinding
of a-actinin and myosin minifilaments are rendered mechanosensitive as slip, catch
bonds, respectively. Unbinding rates are calculated at the end of every minimization
cycle. This cycle of events is repeated to generate 2000s long trajectories.

In our model, Arp2/3 binding produces an offspring along the side of the mother
filament at a 70° angle forming a dendrite[74,196]. The offspring filament's minus-end
is protected from (de)polymerization fluctuations in the Arp2/3 bound state. In our
model, Arp2/3 unbinding results in a free offspring filament, diffusing Arp2/3
molecule, and a binding site on the parent filament. We model Arp2/3 unbinding as a
force-sensitive slip bond with a characteristic unbinding force of 6pN[203]. All
simulation parameters used and the number of replicates generated in this study are

mentioned in Appendix C, Table C-1.
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3.3. Results

3.3.1. Increased Arp2/3 activity reduces diversity in filament lengths and
increases network treadmilling rate

To understand the impact Arp2/3 branching has at the filament level, we simulated
networks with 20uM G-actin and 400 short seed filaments, each 40 monomers long.
Networks were evolved under a-actinin (a:A=0.01) and myosin (M:A=0.1) for 1s, after
which Arp2/3 molecules were activated. We studied the effect of various Arp2/3
concentrations on the linear network. We found that in linear networks ([Arp2/3] =
OnM), the seed filaments extended into long filaments thanks to diffusing pool of G-
actin. With the addition of Arp2/3, filament distribution bifurcates into a population of
short filaments nucleated by Arp2/3 and a population of seed filaments (Figures 2-1
and B-1).

Further, an increase in Arp2/3 concentration results in networks dominated by dendritic
nucleation and are characterized by extremely short filaments (<0.5pum). These results
can be explained by the combination of finite bound lifetimes for Arp2/3-parent-
offspring filament complex (1=50s) [205] and the experimentally observed,
mechanosensitive nature of unbinding rates that are incorporated in our model[203].
Upon binding, Arp2/3 nucleates a new offspring filament with a stabilized minus-end
along the parent filament. In our model, Arp2/3 kinetics is mediated by a force-sensitive
slip bond, with an unbinding event generating free Arp2/3 and a daughter filament with

a free minus end. Branches experience tension when subject to myosin walking and
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crosslinker kinetics, and unbind at rates that are modeled as a slip bond behavior. Thus,
increasing Arp2/3 activity increases the filament nucleation rate resulting in a steady-
state characterized by short filaments. We also looked at the treadmilling rate of the
network to understand remodeling rate of the network. We define treadmilling rate as
the average of the total number of monomers that depolymerize from minus ends and
the number of monomers that polymerize from plus ends of filaments in 1s. We find
that the treadmilling rate at steady-state increases with Arp2/3 concentration due to the
increase in the number of filament ends from Arp2/3 based nucleation. Additionally,
Arp2/3 unbinding exposes the minus end to fluctuations from filament polymerization
and depolymerization reactions. Taken together, the results shown in Figure 3-1
suggest that under the influence of Arp2/3, branching activity produced a population

of short filaments and the networks experienced enhanced treadmilling rate.
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Figure 3-1 Dendritic activity in networks causes a reduction in filament length and
increases monomer replacement by treadmilling. The plot of a) filament length and b)
network treadmilling rate of networks at various Arp2/3 concentrations. a) Solid lines and
shaded areas represent the mean and standard deviation of filament lengths from multiple
replicates. b) Mean treadmilling rate of the network is plotted as a bar graph with error bars
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representing standard deviation. Networks' approach to steady-state was quantified based on
time invariance of mean treadmilling rate. As the treadmilling rate stabilized around 1500s,
data from the last 500s of trajectories was employed in panel B.

3.3.2. Arp2/3 alters the hierarchical organization of actin networks

Having understood how Arp2/3 affects properties of actin filaments, we then
investigated the influence of Arp2/3 on the network level organization of actin. To
achieve this, we mapped the high-resolution actin filament coordinates onto a coarse-
grained density field. Dividing the reaction volume into voxels of size 100nm, we
counted the number of F-actin monomers enclosed in each voxel to define local actin
density. Additionally, density was averaged over neighboring pixels. Together, this
protocol helps us understand the spatial distribution of actin in the reaction volume by
avoiding eccentricities arising due to extremely small clusters and also prevents
discontinuities in the density field [206,207].

To understand how actin is organized in the reaction volume, we visualize the density
field at various voxel concentration thresholds (Figure 3-2). This visualization is
similar to observing fluorescently labeled experimental actin networks at varying
intensity thresholds. When the density field considers all voxels with F-actin (threshold
of OuM), we see minor differences in actin organization from changing Arp2/3
concentration. Density fields at higher thresholds reveal drastic differences in actin
organization. When the threshold is set to bulk actin concentration (20uM) of our
simulations (Figure 3-2), we see that actin is not distributed uniformly throughout the
volume but is rather concentrated among a subset of voxels under all Arp2/3

concentrations studied.
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Figure 3-2 Visualization of actin density field reveals Arp2/3 driven changes to actin
organization. A. We visualize representative final snapshots from our simulations at various
Arp2/3 concentrations as a density field. Cylindrical reaction volume is discretized into voxels
of size 100nm to define local F-actin density. The ends of cylindrical volume are shown as
50nm thick yellow cylinders. Please refer Materials and Methods section for more information
on the actin density field computation. Red squares represent the Center of mass of voxels that
contain actin above the threshold concentrations (listed above). B. Plot of the number of
disconnected domains identified when viewing the actin density field at various threshold
concentrations. The X-axis is shown in logarithmic scale, and the bulk actin concentration is
shown as a dotted line. C. The fraction of total actin monomers found by integrating over the
density field is plotted at various threshold actin concentrations. The dotted line represents bulk
actin concentration.
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Additionally, at the 20uM threshold, we see stark differences in actin organization
depending on branching activity. At low Arp2/3 concentrations, F-actin contracts
globally into a single domain. Increasing Arp2/3 concentration to 10nM results in a
network that is composed of two high actin density domains. At higher Arp2/3
concentrations ([Arp2/3] =25nM and [Arp2/3] =50nM), the number of domains
increases suggesting that the density distribution is spatially heterogeneous. Increasing
thresholds to 2x and 5x bulk actin concentration does not reveal significant changes in
trends observed. Figures 3-2 b and ¢ show the nature of actin organization over a wide
range of threshold concentrations. We see that the trends in the number of domains
from changing Arp2/3 levels do not change when the actin density field is visualized
at 1-10x bulk actin concentration. We also find that under all Arp2/3 concentrations
studied, most of the actin (>80%) is found in regions where the local voxel density is
20uM and above (Figure 2-2C). Thus, actin's overall hierarchical organization is
dictated by a combination of filament length and, as we will show below, myosin
activity.

To quantify differences in network organization due to Arp2/3 in these contractile
networks, we investigated the density fields at a concentration higher than the bulk
actin concentration. Visualizing density fields at thresholds lower than bulk does not
offer insights into the contractility-driven organization of actin. Using a breadth-first
search algorithm, we identified the disconnected domains in the reaction volume and
calculated domain volume for each. Distribution of domain volume from the last 100s

(sampling frequency = 5s) of trajectories (Figure 3-3) under a threshold concentration
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of 40uM revealed remarkable differences in domain organization (Figure 3-3). As
Arp2/3 concentration is increased, two trends are observed. First, median domain size
decreases. Second, heterogeneity of domain size increases, particularly at intermediate
concentrations of Arp2/3, before beginning to reduce again at the highest
concentrations. We postulated that heterogeneity arises from a stochastic fluctuation of
a balanced set of competing factors that drive domain expansion and contraction,
respectively, but which begin to resolve in favor of domain condensation and
fragmentation at the highest level Arp2/3. The results discussed above suggest that
Arp2/3 alters the hierarchical organization of F-actin into domains causing
fragmentation into domains with heterogeneous size distributions. This conjecture will

be examined in more detail in the Discussion.
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Figure 3-3 Distribution of actin domain volume reveals differences in actin organization
resulting from Arp2/3 activity. Domain volume distributions at various Arp2/3
concentrations from the last 100s of the trajectories are represented as violin plots. The box
plot shows the 25-75 percentile represented as a box with the median shown as white lines.
Whiskers are shown as solid yellow lines with outlier data points represented as yellow circles.
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3.3.3. Increased Arp2/3 activity results in fragmented actin network

To understand the mechanism by which networks at higher Arp2/3 concentration
fragment into multiple domains, we investigated the time profile of the actin density
field at a concentration cut-off of 40uM. Figure 2-4 shows time profiles of the density
field from representative snapshots at various Arp2/3 concentrations. We see that
initially, networks at all Arp2/3 concentrations are composed of spatially fragmented
domains. As the simulation proceeds, we find that spatial segregation of the network
into actin-rich and actin-depleted regions occurs in an Arp2/3 concentration-dependent
manner. In networks with <10nM Arp2/3 concentrations, the domains merge with time,
resulting in a single, connected domain. At Arp2/3 concentrations of 10nM and above,
actin networks initially contract and merge through agglomeration of preexisting
domains. However, at later stages in the simulation, these domains of high actin density
decouple from one another, resulting in a network where high actin concentration
regions are again spatially fragmented. Together, these results demonstrate that the
mechanism of actin organization changes depending on Arp2/3 concentration.

To gain more insights into the Arp2/3 driven fragmentation, we calculated the number

of disconnected domains found in the density field at snapshots taken every 5 seconds
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(Figure 3-5a) using a breadth-first search algorithm over the voxels that satisfy
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Figure 3-4 Time profiles of actin density field reveal altered network organization leading
to actin fragmentation at elevated Arp2/3 concentrations. At various time points in our
simulations with different Arp2/3 concentrations, representative snapshots are converted into
actin density fields to understand actin organization. The actin density field is visualized at
40uM threshold concentration in each case. The voxels that have a local actin concentration
higher than the threshold concentration are shown in red. Timestamp in seconds is shown to
the top while Arp2/3 concentrations are mentioned in the left.

the concentration threshold. We find that the number of domains decreases steadily
with time at low Arp2/3 concentrations (<5nM) till the entire network is composed of
a single, connected domain. Looking at the actin concentration in the domains (Figure
3-5b), we see a steady increase in actin concentration with time. In contrast, at higher
Arp2/3 concentrations, networks evolve with a biphasic domain count profile where
during the initial phase, we see a reduction in the number of high-density actin domains,
followed by a maturation phase where the number of domains increases. Additionally,
increasing Arp2/3 concentration progressively limits actin concentration in domains
(Figure 3-5B), suggesting that Arp2/3 reduces the effective packing of filamentous

actin.
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Figure 3-5 Analysis of F-actin domains reveals Arp2/3 dependent differences in network
organization. a) Number of actin domains found from actin density field analyses is plotted as
a time profile at various Arp2/3 concentrations. b) Time profiles of actin concentration in the
domains are plotted at various Arp2/3 concentrations. a) and b) Solid lines and shaded areas
represent mean and standard deviation, respectively.

3.3.4. Competition between myosin and Arp2/3 dynamics modulate
actin organization

The Arp-dependent changes to actin concentration in high actin density
domains suggest a crosstalk between nucleation-driven treadmilling and myosin-driven
contractility. To understand the role of myosin in the mechanism of Arp2/3-driven
fragmentation, we studied actin networks by reducing myosin concentrations to 50%
or 10% of myosin concentrations employed in simulations discussed so far. The
number of domains from the last 100s of the 2000s trajectories is plotted in Figure 3-
5, a-c. At all myosin concentrations studied, increasing Arp2/3 results in a fragmented
network characterized by an elevated number of high-density actin domains. We also
looked at actin concentration in the high actin density domains to understand myosin's
impact in organizing filamentous actin (Figure 3-5d-f). Consistent with Figure 3-5b,
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increasing Arp2/3 reduces F-actin concentration in domains. Additionally, we find that
at any given Arp2/3 concentration, reducing myosin decreases actin concentration in
domains consistent with the reduced contractility of the networks. The actin
concentration in these domains (Figure 3-5, d-f) reduces with increasing Arp2/3,
particularly at high concentrations of myosin, but has reduced effect as myosin level
decreases, suggesting that Arp2/3 reduces actin density primarily by hindering myosin-
driven contractility.

We then ask if reducing myosin levels increases fragmentation of the actin
network. Wilcoxon test at 1% significance reveals that reducing myosin to 50% and
10% causes increased fragmentation of actin networks up to [Arp2/3]=10nM. At higher
Arp2/3 concentrations, we find that reducing myosin to 50% does significantly increase
fragmentation, but a further reduction to 10% does not affect the network fragmentation
from the ones observed at 50% reduction. It is interesting to note, however, that under
all conditions studied, reducing myosin did increase fragmentation in the initial phase
(<10min) of the trajectories (Appendix, Figure B-2), suggestive of time scale
differences in the dominant mechanism that drives actin organization in dendritic
networks, perhaps accounting for the biphasic temporal evolution of domain number

under conditions of high Arp2/3 (Figure 3-5).
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Figure 3-6 Myosin competes with actin to prevent network fragmentation. a-c) Violin plots
showing the number of domains in the actin density field obtained at a threshold concentration
of 40uM at different Arp2/3 concentrations (X-axis). Myosin mole ratios are mentioned above
each panel. d-f) Violin plots showing actin concentration in high-density actin domains. Note
that the domains are determined based on the mean concentration threshold, while the
concentration plotted here is calculated based on actin concentration determined from filament
data. Hence, the actin concentration in domains can be below the mean concentration threshold.
a-f) Plots also show median values (gray) and 25% and 75% quantiles as box plots (black).
Whiskers represent data ranges (yellow lines), and outlier data are plotted as yellow circles.

3.3.5. The activity of branching protein alters dynamics of actin domains
towards fragmented states

The results above show how overall network properties evolve over time, with
Arp2/3 causing global spreading and myosin producing local condensation, but how
does this combination give rise to the final, fragmented states that we observe? To
understand the mechanism by which high actin density domains evolve, we studied the

trajectories of the density field. We classified each domain's birth as either coming from
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a domain splitting or domain nucleation event and the loss of a domain as resulting
from either domain-domain merge or domain destruction event (Figure 3-7a). While
domain nucleation happens when actin in a region within the reaction volume
condenses, destruction happens as actin in a high-density domain relaxes from events
such as myosin/crosslinker unbinding, thereby lowering actin concentration to below
our chosen threshold. Figure 3-7B shows that increasing Arp2/3 concentration
increases the frequency of occurrence for all four elementary events that alter domain
number. It is interesting to note that the mechanisms that lead to an increase in domain
number are roughly as prevalent as mechanisms that cause a decrease in domain
number. Also, we see that actin domains form primarily from the splitting of existing
domains, while domain-domain merges are the dominant mechanism to explain the loss
of an F-actin domain.

To understand the differences in domain dynamics between networks from low
Arp2/3 and high Arp2/3 concentrations, we plotted distributions of domain number
altering events accumulated over 500s intervals (Appendix, Figure B-3). We see that
at low Arp2/3 concentrations, actin domains are highly dynamic in the first 500s of
trajectories. Although all four domain birth and death mechanisms occur, domain-
domain merge events happen at a higher frequency. As a result, within the first 500s of
trajectories, networks with [Arp2/3]<10nM result in a steady decrease in the number
of domains resulting in a single, connected domain. The space-spanning domain is
significantly less dynamic, suggesting that domain merges are irreversible in networks

with low [Arp2/3]. This observation is consistent with experiments where actin
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condensates merge irreversibly with time, causing a steady increase in actin mass
within condensates[208,209].

On the other hand, networks with high Arp2/3 concentration are less stable than
their low Arp2/3 counterparts. As the domain birth and death events roughly balance
each other throughout the trajectories, we postulate that elevated Arp2/3 levels
stochastically favor a fragmented network state with multiple high actin density
domains. To understand this, we employed a stochastic modeling framework assuming
that the change in the number of domains in a given time interval depends on
deterministic factors characterized by a combination of effective drift and random
fluctuations. Further, we consider that the effective drift and diffusion terms depend on
the number of domains at a given time point. Analyzing time series of the number of
domains from trajectories, we see that the drift is lowest for states with an intermediate
level of fragmentation, with minimum drift when the snapshot has 3, 4, and 5
fragmented domains for networks at 25nM [Arp2/3] and 3 to 6 domains for 50nM
[Arp2/3] (Figure 2-7D). Besides, for networks with more than six domains, the drift
parameter is negative, indicating that the system favors domain death events while at
values lower than the minima, drift is positive, suggesting that the system favors the
birth of events. Thus, the fragmented state is the result of a delicate balance of domain
dynamics. We also see that the diffusion coefficient term is significant at all n values
studied, highlighting the role that random noise plays in the process. Please refer

Appendix for a discussion on the stochastic model and parameter estimation.
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Figure 3-7 Analysis of domain dynamics reveals the underlying mechanism of F-actin
organization into high-density actin domains. A. The cartoon rendering describes
elementary transition mechanisms showing F-actin domains in red, with brown regions
representing low-density actin background. AI-AIV shows four different transition
mechanisms in a reference snapshot that affect the number of clusters in the following snapshot.
B. Pie charts showing the percentage of transitions observed throughout the trajectory at
different Arp2/3 concentrations. The size of the pie chart is proportional to the total number of
transitory events. C. Time profiles of the fraction of total actin in the domains at various Arp2/3
concentrations. The solid line and shaded area respectively represent mean and standard
deviation. D. Estimation of drift (top row) and diffusion coefficients (bottom row) at various

cluster sizes from trajectories of high Arp2/3 concentrations, 25nM (left column) and 50nM
(right column).
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3.3.6. Relative roles of geometric branching vs. kinetic nucleation in the

effect of Arp2/3

The fragmentation of networks in our simulations can be explained as a combination
of two distinct phenomena: myosin-driven contractility and Arp2/3 driven nucleation.
We find that increasing dendritic activity in a network results in short filaments (<1 pum)
(Figure 2-1a). Such short filaments organize into a non-percolated network through
which myosin-driven contractile forces cannot effectively propagate. Such non-
percolated networks contract locally due to myosin-driven contractility resulting in a
fragmented network with multiple high-density actin domains. To understand the role
of branching molecule in fragmentation, we simulated actin networks with varying
concentrations of synthetic minus-end nucleators with the same kinetics as Arp2/3 but
lacking the capacity to bind a mother filament and generate a branched structure. These
nucleators nucleate filaments and stay attached to the minus end till unbinding. We find
that high nucleator concentrations reproduced the network fragmentation (Appendix,
Figure B-4) suggesting that the nucleation activity alone, independent of a branching

geometry, is sufficient to generate network fragmentation.
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Figure 3-8 Cartoon outlines the proposed mechanism to explain Arp2/3 dependent
network organization. Cylindrical reaction volumes are shown with red blobs representing
actin domains. The dominant mechanism for transitions along a trajectory is mentioned, along
with the filament level interaction mentioned within parenthesis. Domain destruction events
are mentioned as empty circles with dotted lines.

3.4. Discussion

This study investigated filamentous actin's network organization and its dependence on
the branching molecule Arp2/3 and myosin. We propose the following mechanism to
explain the differences in actin organization in networks of low and high dendriticity
(Figure 2-8). During the initial stages of trajectory evolution, multiple small domains
are formed under all Arp2/3 conditions studied. The domain boundaries expand due to
G-actin's conversion to F-actin and due to myosin contractility, which increases the
network's connectivity, as evidenced by a significant reduction in the number of actin
domains. Figure 3-7C shows the steep increase of F-actin in domains within the first 5
minutes of trajectory evolution. As the network evolves, the hallmarks of Arp2/3
dependency become more evident. At low Arp2/3 concentrations, networks form a
single, connected domain due to dominant myosin activity and a percolated network
architecture. Subsequently, the number of domain birth and death events significantly
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decreases (Figure B-3). At higher Arp2/3 concentrations, network fragmentation
occurs due to a high degree of fluctuations between domain birth and domain death
events with a drift towards a fragmented steady state, with the degree of fragmentation

depending on the balance point between domain increase and decrease.

3.5. Conclusion

Our work demonstrates how network organization can be drastically altered in the
presence of branching molecules. Changing the concentration of Arp2/3 alters overall
network connectivity by increasing the population of sub-micron long filaments. We
show that irrespective of Arp2/3 concentration, networks initially evolve with
decoupled local contraction events leading to multiple domains composed of
condensed actin. As the network evolves, we observe contractile domain merge events
resulting in fewer actin domains. As network evolution progresses, we see that
networks with low Arp2/3 activity are trapped in the connected, globally contractile
state. In contrast, high Arp2/3 activity causes the networks to evolve stochastically
towards fragmented network states. We also show the elementary domain level
processes that underlie such transitions and argue that network fragmentation is
stochastically favored in high Arp2/3 networks. This study suggests that signaling
pathways that affect Arp2/3 levels tune the overall network architecture through subtle

changes to network connectivity.
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Chapter 4 Computational simulations recapitulate the Abl-
dependent dynamics of axonal actin in-vivo

This chapter is adapted from a manuscript in preparation. Aravind Chandrasekaran,
Akanni Clarke, Philip McQueen, Hsiao Yu Fang, Garegin Papoian, and Edward
Giniger. “Computational simulations recapitulate the Abl-dependent dynamics of
axonal actin in-vivo.”

Author contributions: A.C. performed computer simulations and analysis. A.C. and
G.A.P. designed the computational tool. H.Y.F., Ak.C., P.M., and E.G. performed
experiments and analysis on experimental data. A.C., E.G., and G.A.P. wrote the

manuscript.

4.1. Introduction

During embryonic development in both vertebrates and invertebrates, axons send
out projections autonomously, in an orchestrated fashion to facilitate the formation of
complex neuronal patterning.[210] The ability of axons to extend through the
extracellular space in vivo i1s coordinated by specialized structures called growth cones
found at the tips of motile axons.[211] As the axon extends, growth cones sense and
respond to extracellular biochemical guidance cues such as Netrins, Semaphorins, Slit,
and Ephrin [212-215]. The growth cones are made of actin and microtubule filaments
along with a host of actin modifying proteins and signaling molecules such as Rho-

family GTPases.[212,216,217] Actin and microtubules play specific roles in the
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extension of axons.[79,143,218,219] Many studies have tried to understand the
mechanism of such autonomous growth by focusing on the morphological changes of
growth cones or the cytoskeletal signaling process that aids in growth.[220]
Nevertheless, critical knowledge gaps exist in the synergy between biochemical
signaling and the cytoskeletal growth response.

Studies focusing on growth cone morphology have helped uncover the
relationship between structural dynamics of cytoskeleton and the mechanism of axon
extension. While knowledge of growth cones dates back to seminal work by Cajal,
fluorescent and electron, microscopic imaging of neuronal cell cultures has helped us
understand the ultrastructure of growth cones. [221,222] Such plated growth cones are
flat and fan-shaped with cytoskeletal structures such as filopodia and lamellipodia. The
growth cone is composed of the periphery and the central regions rich in actin and
microtubules. Growth cone motility is initiated by filopodial protrusions that explore
the local environment. Soon lamellipodial growth displaces growth cones.
Subsequently, microtubules stabilize the extended tips by extending into the central
region of the growth cone. Finally, the axon shaft extends and reorganizes to
consolidate the growth cone architecture. Axons extend by iterative repetition of these
steps.[216,223] Growing evidence from in vivo studies of axons reveals an alternate
organization of growth cone. These growth cones are bulbous and protrude primarily
by leveraging filopodial protrusions.[224-227] These axons are expected to protrude

by a stochastic inch-worming mechanism of actin and microtubule within the growth
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cone. In this study, we explore the relationship between signaling and actin
organization in such growth cones.

The changes to growth cone architecture are controlled by specific signal
transduction molecules that act as the intermediaries between the membrane-bound
signal receptors and the cytoskeleton binding proteins. These intracellular molecules
dynamically alter kinetic fluxes of essential actin-binding proteins and modify
cytoskeletal structure. Despite knowledge of the downstream effectors of signaling
molecules, we do not understand the emergent axonal architectures resulting at
different signaling levels.

The relationship between architecture and biochemical signaling has been
elaborated in Abelson (Abl) nonreceptor tyrosine kinase. Abl is a key signaling
molecule that is known to act downstream of all commonly known signaling
receptors.[228] Recent imaging studies on imaginal wing discs in Abelson (Abl)
nonreceptor tyrosine kinase have been studied by Giniger lab on the Drosophila Twin
sensilla of the margins (TSM1) axons reveals that Abl mutations lead to developmental
errors.[225,229] TSM1 neuron wires one of the two key mechanoreceptors (TSM1 and
TSM2) on the wing of Drosophila. TSM1 neuron is a pioneer neuron that develops
early in the embryonic stage and travels autonomously for 120 microns from TSMI1,
thereby pioneering the L1 nerve patterning. Genetic and biochemical analysis has
revealed that Abl alters filament organization by simultaneously promoting Arp2/3
driven nucleation and inhibiting Enabled (Ena) driven processive-polymerase activity.

[230,231] While the roles of the two downstream proteins have been studied
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independently,[16,23,120,232] the relative importance of the two is still poorly
understood.[30] Imaging studies of TSM1 axons reveal that Abl ensures spatial
correlation and dynamic coherence of actin networks within the growth cones. Under
both gain-of-function and loss-of-function conditions, growth cones are characterized
by increased spatial fragmentation of actin and dynamic incoherence. Additionally,
while Abl over-expressed growth cones have wider growth cones, growth cones with
Abl knockdown have narrower growth cones.

Despite knowledge of the filament level interactions of Abl and the consequences
at the growth cone level, we do not understand the emergent mechanism by which Abl
controls growth cone architecture. Also, it is not possible to resolve single actin
filaments in vivo imaging experiments. Hence, we choose a sophisticated
mechanochemical model called MEDYAN to simulate key processes that account for
cytoskeletal changes that result from Abl signaling. This is the first computational study
to our knowledge to study the effect of axonal signaling on growth cone actin
architecture. As the relative effect of Abl on Arp2/3 promotion and Ena inhibition is
not known, we simulate networks with 20uM actin and a wide range of Arp2/3 and Ena
concentrations. We find that Arp2/3 plays a crucial role in determining filament length
distributions and actin packing in growth cones. We also see that the growth cone
mimics capture essential features of actin distributions measured in experiments and
also find evidence to explain the mechanism of actin fragmentation observed in
overexpressed Abl axons in vivo. Finally, we study the functional consequence of the

actin architecture at various expression levels and prove that Abl overexpression causes
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mechano-chemical fragmentation of the actin network. We also discuss the

consequence of fragmentation in altering the motility and growth of TSM1 axons.

4.2. Methods

In order to faithfully simulate axonal actin networks, we simulated contractile actin
networks under cylindrical boundary conditions. As simulations over the entire length
of growing axon are computationally expensive, we restricted the reaction volume to
cylinders of height 7.5um and radius 1pm. This volume represents approximately 50%
of the growth cone volume observed in-vivo for TSM1, a growth cone with uniquely
well-characterized actin distribution and dynamics that we take as our point of
comparison throughout this analysis.[225] Axonal growth cone mimics were generated
through stochastic evolution of actin networks initialized with 400, 40 monomer long
filaments that were randomly oriented in the reaction volume with 20uM actin. Mole
ratios of non-muscle myosin minifilaments (NM-IIA) and a-actinin were chosen to be
0.1 and 0.01 to observe contractile behaviors similar to previous studies. [100,233] A
deterministic ODE model of Arp2/3 and Ena dynamics was used to determine bounds
on Arp2/3 and Ena concentrations (Figure 4-1, Appendix C.3). Hence, we simulated

networks at concentrations of 1, 5, 10, 25, and 50nM Arp2/3 and Ena.
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Figure 4-1 Deterministic model for branching and Ena Kinetics predicts bounds for
Arp2/3 and Ena concentrations. A. Plot of mean filament length predicted by a deterministic
model of filament dynamics at various Arp2/3 concentrations ([Ena]=0nM]). B. Plot of total
diffusing actin that is converted to filamentous actin through Ena-driven filament extension at
various Ena concentrations ([Arp2/3] = OnM).

A stochastic simulation platform, MEDY AN[89], was used to generate six replicates
for each Arp2/3 and Ena concentration studied. MEDY AN simulates chemically active
reaction networks and additionally enables force-sensitive, stochastic simulations of
filamentous active networks, such as actin and microtubules. In this study, we restrict
our discussions to actin networks in the growth cone. Actin filaments are represented
as a series of non-deformable cylinders coupled at hinge points. Bending deformations
around hinge points are allowed corresponding to a persistence length of 16.7um. [101]
Myosin and a-actinin molecules are represented as Hookean springs with equilibrium
lengths based on experimental measurements (refs). Please refer to Appendix B, Table
B-1, for details on all parameters used in this study. The simulation space is composed
of reaction-diffusion compartments overlayed with the filamentous actin phase.

Diffusing reactive molecules (G-actin, unbound crosslinkers, myosins, Arp2/3, and
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Ena) are considered homogeneously distributed throughout the reaction-diffusion
compartments. Thus, a diffusion reaction is modeled as a hopping reaction between
two neighboring compartments. Reaction propensities are defined over the
compartment phase and stochastic trajectories are generated by evolving the chemical
reaction network using the next reaction method.[88] Chemical events in MEDYAN
can lead to mechanical stress accumulation. MEDY AN alternates between short bursts
of chemical evolution (25ms) and conjugate gradient mechanical equilibration to
generate physically realistic trajectories. Additionally, mechanochemical sensitivity of
a-actinin unbinding, myosin walking, and unbinding are incorporated in the model. Six
replicates of 2000s long trajectories were generated for each (Arp2/3, Ena)

concentration pair.
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Figure 4-2 Gallery of representative, final snapshots from 2000s long simulations of 20uM
actin in cylindrical volumes of height 7.5num and radius 1pm at various Arp2/3 and Ena
concentrations. Arp2/3 concentrations are mentioned at the bottom, while Ena concentrations
are noted to the left. F-actin, bound Arp2/3, and bound Ena molecules are colored in white, red,
and yellow. Myosin minifilaments and a-actinin are also present in the simulations but are not
visualized.
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4.3. Results

4.3.1. Filament branching versus extension — Arp2/3 driven changes
dominate filament length and network organization

Representative snapshots shown in Figure 4-2 show clear differences in actin network
organization that result from changing Arp2/3 and Ena concentrations. We quantified
filament length distributions to define the specific changes resulting from varying
Arp2/3 and Ena (Figure 4-3A). Parent and offspring filaments were considered as two
different filaments when calculating filament length distributions. As Arp2/3
concentration is increased, Arp2/3 turnover causes increased offspring filament
nucleation (Figure 4-3B). As the total actin in the reaction volume is held constant, this
results in an increased abundance of short filaments. Changing Ena concentration, in
contrast, has a limited impact on filament length distribution. At [Arp2/3]<10nM, Ena's
addition caused Ena-driven filament extension leading to increased abundance of
longer filaments and decreased abundance of shorter filaments. As Ena concentration
increases, we see a steady increase in the fraction of filament plus ends stabilized by
Ena (Figure 4-3C). At Ena concentrations of 25nM and 50nM, we see that Ena-driven
extension is limited by actin availability, causing minimal changes to filament length
distributions. At [Arp2/3]>10nM, changing Ena concentration has a limited impact on

filament lengths.
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Figure 4-3 Arp2/3 dynamics determines filament organization of growth cone mimics. A.
Filament length distributions are shown as cumulative density functions at various Arp2/3 and
Ena concentrations. Distributions are colored based on Ena concentration, while the Arp2/3
concentration is overlayed on the graph. Solid lines and shaded areas represent mean and
standard deviation, respectively, from multiple replicates. B. Bar graph shows the number of
filaments when Ena concentrations are changed at each Arp2/3 concentration. Error bars show
standard deviation.

To understand how differences in filament lengths alter network organization, we
looked at actin concentration in 100nm thick discs along the cylindrical reaction
volume axis (Figure 4-4). The profiles were obtained by peak-aligning the actin profiles
from the last 50s of the trajectories. Increasing Arp2/3 at any given Ena concentration
leads to drastic changes in actin profiles characterized by multiple peaks spread across
an increasing fraction of the reaction volume. At low Arp2/3 concentrations, in

contrast, increasing Ena modestly broadens the width of a central peak in the actin
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distribution. To understand the relative effects of Arp2/3 and Ena on the actin

distribution profiles, we measured the spread of actin around the peak. Figure 4-5
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Figure 4-4 Axial actin concentration profile reveals Arp- and Ena-driven differences in
actin organization. Actin concentration along the length of the reaction volume of the final
snapshots (2000s) from all replicates at Arp2/3 and Ena concentrations are plotted.

shows box plots of actin spread around the peak. Actin spread was defined as the sum
of standard deviations on either side of the actin peak. We studied the effect of Arp2/3
and Ena on actin spread using the Wilcoxon rank-sum test. We find that in 94% (47/50)
pair-wise comparisons, increasing Arp2/3 concentration at any particular Ena
concentration increases the median spread of actin profile at 5% significance. Similarly,

at a given Arp2/3 concentration, increasing Ena increases actin spread in 86% (43/50)
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of comparisons. We note that at the two highest Arp2/3 concentrations, actin is already
distributed roughly homogeneously across the entire volume, limiting the possibility of
further spread. We also note that increasing Arp2/3 increases actin spread over a multi-
micron length scale at any given Ena concentration, whereas the range of actin spread
from varying Ena is smaller than lum in all cases. Thus, these results suggest that actin
organization and distribution are dominated by Arp2/3, with the effects of Ena being

far more modest.

Aso 4.0 4.0 4.0 4.0
Lall [Arp2/3] = 1nM a5 [Arp2/3] = 5nM s [Arp2/3] = 10nM 5 [Arp2/3] = 25nM [Arp2/3] = 50nM

%3»0 0 3.0 é Té3.0%%%%%3:0%é%%%

3.0
825 2.5 25 | 1l el tj 25 25
3 | o B
220 E % 2.0 é % % 2.0 T 2.0 2.0
Z15 % e é %‘ 1.5- % 1.5 1.5 15-
L0 0 % 5 Y01 %5 10 35 50 2 1 5 1 25 50 1 5 1w 25 s0 YY1 5 10 25 s0
[Ena] in nM [Ena] in nM [Ena] in nM [Ena] in nM [Ena] in nM
4.0 4.0 4.0 40 4.0
B [Enal = 1nM [Ena] = 5nM [Enal = 10nM [Enal = 25nM [Ena]l = 50nM
£35 3.5 3.5 35 . 35 %
3 T |
330 % %, E% = |30 % s 30 & % T30 T S5
925 2.5 £ - 25 & 25 ?
z i
20 . ﬁ % 201 4 é 2.0 é ;'_E 2.0 %
5
215 % T T 15 = 1571 1.5- %
1. \ . . . . 1ol , \ —! 1.0 1.0
7 5 10 25 s 5 10 25 50 %1 s 10 25 so 1 5 10 25 50 1 5 10 25 50
[Arp2/3] in nM [Arp2/3]in nM [Arp2/3] in nM [Arp2/3] in nM [Arp2/3] in nM

Figure 4-5 Actin spread from the last 200s of trajectories reveals Arp2/3 dependent actin
organization in axon mimics. Actin spread was measured as the sum of left and right standard
deviations from the actin distribution peak. Each panel shows actin spread at various Arp2/3
concentrations at a given Ena concentration (mentioned above each panel).

We then proceeded to understand if the actin organization observed in our simulations
is due to boundary effects. As simulations in 15um length scales are computationally
expensive, we chose to simulate a subset of Arp2/3 and Ena concentrations we have
explored so far. As Abl signaling simultaneously promotes Arp2/3 activity and inhibits

Ena activity [230], we chose to simulate actin networks at the conditions specified
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along the falling diagonal of Figure 4-2 inside reaction volumes that were 15um long
and lpm in radius. Thus, we explore network organization by simultaneously
decreasing Arp2/3 and increasing Ena concentrations. We see that under conditions
that mimic elevated Abl expression, i.e., under ([Arp2/3],[Ena]) pair values of (25,5)
and (50,1), actin spreads homogeneously throughout both the short and long reaction
volumes (Figure 4.6 i-iv). In the other conditions with Arp2/3 and Ena concentration
pair values of (10,10), (5,25), and (1,50), we see that actin is highly condensed at certain
parts, evidenced by peaks in the axial actin distributions. Additionally, we also see that
the width of actin peaks is similar in actin distributions from both 7.5 um and 15 pm
reaction volumes. Finally, the overall distribution of actin within 15 pm long reaction
volumes under all conditions studied appears to be combinations of actin profiles
obtained at 7.5 um length scales. These similarities support the argument that the actin
distributions obtained at 7.5 pm length scales contain scale-free features that are also

observed at longer length scales.
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Figure 4-6 Simulations at longer length scales preserve salient features found at lower
length scales. In each row, the left panel (i,iii,v,vii,x) shows peak-aligned actin profiles from
simulations in 7.5um long reaction volumes, while the right panel (ii, iv, vi, viii, X) shows peak-
aligned actin profiles from simulations in 15um long reaction volumes. The peak-aligned
profiles from 7.5 um long reaction volumes were translated appropriately to enable easy
comparison to profiles obtained from simulations in 15um reaction volume.
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4.3.2. Networks corresponding to elevated Abl activity are composed of
weakly interacting actin filament communities

Having found that Arp2/3 modifies local parameters of actin network architecture
more robustly than Ena, we asked how Arp2/3 activity alters the global network
organization of actin. To answer this, we investigated the modularity changes to actin
architecture resulting from changes to Arp2/3. Modularity is a graph theoretical
measure of networks to quantify how well the network components are divided into
modules. Graph theory techniques have been proven helpful in understanding network
architecture.[234,235] We constructed graph representations of inter-filament contacts
by representing actin filaments as the node and weighting the edge by the total number
of the linker, motor, and brancher contacts between two filaments. We then
compartmentalize the filaments into domains by optimizing the Louvain-Modularity
metric.[236] More details about the modularity metric can be found in Appendix C,
Section C-3. This algorithm was used to identify communities within the actin network.
Communities are sets of actin filaments that interact more closely with other filaments
within the set than with the rest of the filaments in the network. We find that increasing
Arp2/3 concentration increases the number of communities and decreases community
size, suggesting that actin is organized into weakly interacting communities. (Figure 4-
7A and B). This altered organization of actin filaments also affects the amount of actin

in each cluster, as shown in Figure 4-7B.
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Figure 4-7 Arp2/3 activity alters network organization in favor of weakly coupled
communities of filaments. A. The number of actin filament communities detected by the
Louvain-Modularity optimization algorithm is plotted as a function of Arp2/3 concentration at
[Ena] =25nM. Box and whisker plots show median (red), quartiles as blue boxes, interquartile
range (black whiskers), and outliers (red crosses). B. The fraction of F-actin in each cluster has
been plotted as a violin plot. The box plot shows the 25-75 percentile represented as a box with
the median shown as gray lines. Whiskers are shown as solid yellow lines with outlier data
points represented as yellow circles

4.3.3. In-silico networks capture essential features of experimental actin

profiles

The simulations above were designed to model the properties of actomyosin networks.
A key question, however, is how similar these are to actin distributions observed
experimentally. To obtain experimental representations comparable with the
simulation results shown in Figure 4-4, we normalized the intensity profiles obtained
from fluorescent imaging of actin in single WT axons for 30 minutes (sampling
frequency = 3min), aligned the profiles by the position of maximum actin intensity in

each time point and averaged the intensity for a 15um span around that peak position.
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This value was motivated by the experimental observation that the actin peak width in
the growth cone is ~15um in WT axons (defined as the square root of the second
moment of the distribution).[225] This procedure was repeated for 14 WT axons
(presented as a gallery in Figure 4-8A, showing the median and median absolute
deviation for each axon). Figure 4-8B shows actin profiles from MEDY AN simulations
at all Ena concentrations for [Arp]<10nM (Subset of profiles shown in Figure 4-4).
Comparing against the experimentally observed actin, we see striking similarities.
Experimentally observed profiles are composed of a high actin concentration resulting
in a dominant peak with a steady decrease in actin intensity around the peak. In contrast,
it is clear from inspection of Figure 4-4 that simulations with higher levels of Arp2/3
do no bear any substantial resemblance to the experimentally observed axial actin
distributions. Even though our simulations approximate Abl signaling by just the
downstream effector concentrations and do not include any neuronal polarization
mechanisms, the actin profiles obtained from our simulations at [Arp] < 10nM bear a
striking similarity to the experimentally observed features of actin organization
discussed above. This similarity is also evident in overlays of the individual profiles
from the constituent experimental profiles and simulation profiles (Appendix C, Figure

C-6).
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Figure 4-8 Simulations capture features of axonal growth cones observed in experiments.
A. Peak-aligned actin concentrations are plotted as a function of distance along the cylinder
axis. Arp2/3 concentrations are mentioned to the left, while Ena concentrations are labeled at
the bottom of the panel. The solid line and shaded area represent mean and standard deviation,
respectively. B. Actin intensity distribution in 14 WT Abl axons. Each sub-panel shows the
median and median absolute deviation of peak-aligned actin profiles from the first 30 minutes
of imaging a WT axon. Experimental actin intensity distributions were truncated 7.5 pm on
either side of the peak according to experimental determination of growth cone width.

We next sought to obtain a quantitative measure of these distributions to test
the apparent similarity in their profiles. Previously, wavelet analysis was applied to the
experimental actin distributions in wild-type axons and in axons with gain- or loss-of-

function of Abl to quantify the spatial structure of the experimental 1-D actin
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distributions. We, therefore, compared how the differences in the spatial structure were
observed experimentally with increasing and decreasing Abl activity compared to the
trends in spatial structure obtained in our simulations with increase and decrease of the
primary Abl target, Arp2/3. We wished to understand the basis for the apparent
separation of the longitudinal actin distribution into discrete peaks with increasing Arp
activity. We, therefore, analyzed pair correlation profiles (also known as radial
distribution functions) of actin profiles from different Arp2/3 and Ena concentrations
(Figure 4-9). These profiles were calculated by projecting monomer coordinates along
the cylinder axis. Therefore, as two monomers can have the same coordinate along the
cylinder axis, the radial pair correlation functions (Figure 4-9) are non-zero at Oum.
The pair correlation function informs us of how the linear density (uM/um) scales as a
function of distance away from a reference point compared with bulk linear density.
We see that at Arp2/3 concentrations of 1nM and 5nM, F-actin abundance decreases
monotonically with increasing distance. Additionally, as Ena concentration is increased
at these levels of Arp2/3, pair correlation decays to 1.0 (when bulk density and local
density match) at slightly larger length scales. This result is consistent with the findings
from the actin spread that actin spread increases with increasing Ena at low Arp, as we
discussed earlier (Figure 4-5A). At higher Arp2/3 concentrations, pair-correlation
shows reduced dependence on distance, consistent with the relatively flat axial actin
distribution profiles across the reaction volume (Figure 4-9). Changing Ena has very
little effect on the pair correlation function profiles, again consistent with actin spread

data.
92



Conversely, when Arp2/3 concentration is increased at any given Ena
concentration (Figure 4-9B), we see that linear actin densities are above bulk value
(g(r)>1) over longer spans consistent with increased actin spread observed earlier
(Figure 4-5B). Specifically, the effect of Arp2/3 spans the entire reaction volume, also
consistent with the finding that Ena increases actin spread only locally, at short range,
whereas Arp2/3 increases spread globally, across the entire volume. Finally, we see
that at [Arp2/3]=10nM, the pair correlation function shows one auxiliary peak
suggesting multiple domains of actin organization. At higher Arp2/3 concentrations,
actin profiles decay monotonically with no significant features. We would like to point
out that the patterns in order parameters measured along the cylinder axis, such as actin
spread and pair correlation function, are a consequence of the actin fragmentation
explored in Chapter 3. Thus, at Arp2/3 concentration, actin is distributed differently
along the reaction volume axis, consistent with experimental observations. We would
elaborate on the similarities between simulations and experiments in the Discussion

section.
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Figure 4-9 Pair correlation function of actin intensity reveals Arp dependant
fragmentation. Mean (solid line) and standard deviation (shaded area) are plotted at various
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Arp2/3 (top row) and Ena (bottom row) concentrations at a given Ena and Arp2/3
concentration, respectively.

4.3.4. Actin communities at elevated Arp2/3 networks are mechano-
chemically disconnected

To understand the functional relevance of actin communities found through modularity
analysis, we studied mechanical and mechano-chemical responses to perturbation
through two different in-silico experiments. First, we asked if the weakly coupled
communities that we find are mechanically disconnected. To answer this question, we
simulated actin networks generated from studies discussed above under the following
constraints. We chose the final configurations of the 2000s long simulations presented
above as the initial conditions for the current study. To study just the mechanical
response of the system, we prevented chemical dynamics in filaments (polymerization,
depolymerization, branching, and unbranching). Such networks were then subjected to
mechano-chemical perturbations from myosin and crosslinker activity only in a 500nm
"active zone." The active zone was chosen to be the region of the highest actin density.
Myosin and crosslinker kinetics are quenched outside the active zone, thereby freezing
the myosin and crosslinker molecules in the bound state. Parameters of the simulation
can be found in Appendix C, Table C-2. This simulation was inspired by previous
experimental studies to study correlation in linear actin networks.[237] Looking at the
velocity of filaments from the last 100s of trajectories, we see that filaments move
within the active zone and in a region adjacent to it (Figure 4-10). Specifically, in low
Arp2/3 networks, actin filament movement extended in regions flanking the active zone
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over longer distances than filaments in high Arp2/3 networks. The difference in
velocity decay rates between low Arp2/3 and high Arp2/3 networks demonstrates that
increasing the number and decreasing size of filament-filament contact-based
communities is associated with a decreased mechanical connection within the actin

network.
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Figure 4-10 Mean filament velocity from spatially-localized myosin-driven perturbations
reveal signs of mechanical fragmentation. Mean actin velocity calculated from
displacements in the last 100s of trajectory at various Arp2/3 concentrations is shown. The
dotted line represents the active zone boundary.

As actin networks are chemically active, we also studied the effect of fragmentation
within the actin network by studying the mechano-chemical response of the actin

network to mechanical perturbation. Using the final configuration of filaments, linkers,
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motors, and branchers from our earlier simulations as the initial conditions, we exert
an external force on the actin network using a functionalized “AFM tip” mimic. The
AFM tip mimic is functionalized with 50 stabilized actin filaments of 540nm length, it
is introduced into the actin network, and it is allowed to incorporate into that network.
With its associated stabilized actin filaments, the AFM tip mimic was then moved by a
distance of 1um over a 5.0s time scale. As a result, tensile forces are transmitted across
the actin network through contacts between stabilized filaments in the probe and the
actin filaments in the network. Chemical interactions such as filament treadmilling and
inter-filament chemical interactions from branching, myosin, and crosslinker kinetics
were activated throughout the reaction volume. We then study the response of the
network to the force transmitted through the motions of the AFM probe. Figure 4-11
shows snapshots at various time points showing changes to the actin network during
the probe displacement. We see that network with [ Arp2/3]=1nM moves coherently as
a single connected unit in response to the external force. On the other hand, in networks
generated with [Arp2/3]=10nM, AFM pulling exacerbates the disconnect between the
two actin domains preventing effective transmission of tension across the entire
network. Taken together, the results from the perturbative simulations suggest that
elevated Arp2/3 levels result in network architecture into domains that are mechano-

chemically disconnected.
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[Arp2/3]=1nM, [Enal]=1nM [Arp2/3]=10nM, [Ena]=1nM
Mechanical perturbation by AFM tip

Figure 4-11 Mechanochemical response of actin networks to AFM mimic driven
mechanical perturbations reveal fragmentation in intra-network signal transduction.
Time series of snapshots showing actin filaments in white, Arp2/3 molecules (red), and Ena
molecules (yellow) is shown. AFM tip is represented through the functionalized tip with 50
actin filaments (green). The solid yellow line represents the position of the tip before AFM-
driven displacements are exerted.
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4.4. Discussion

The axonal growth process is mediated by cytoskeletal modifications resulting from
signaling cascades. Abl is a crucial signaling molecule controlling the axonal growth
process in the TSM1 neuron by promoting Arp2/3 activation and inhibiting Ena
activity. As it is challenging to resolve actin's filament level organization
experimentally, we decided to employ MEDYAN, a computational model that can
model actin filaments under monomeric resolution subject to relevant mechano-
chemical complexities.

We determined relevant concentration ranges and employed experimentally
determined kinetic rates to generate in-silico growth cone mimics. We find that Arp2/3
is a stronger modulator of both filament length and network organization than Ena.
Thus, cytoskeletal reorganization resulting from dynamic Abl levels could be primarily
determined by changes to Arp2/3 levels in axons. We see that both Arp2/3 and Ena
increase the actin network's spread, albeit across different length scales. Additionally,
we see that actin profiles generated at Arp2/3 concentrations 1nM and 5nM capture key
actin organization features found in experimental images of WT Abl axons.
Interestingly, we capture essential features of WT axons despite simulating networks
without any constraints to enable polarization of networks.

Given that Arp2/3 plays a dominant role in actin organization, we then
understand how filament-filament contacts are altered. We represent the actin network
as a graph structure with actin filaments as the nodes and filament-filament contacts as

edge weight. We then uncovered the community architecture of the actin network by
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optimizing the Louvain modularity metric. We see that under high Arp2/3 activity, the
network is composed of a higher number of communities than at low Arp2/3
conditions. The change to community structure suggests that underlying actin filaments
are organized into sets that interact strongly amongst each other and are weakly coupled
to the rest of the network.

While such novel graph theoretical approaches have been employed in earlier
studies[202,235], the physical and potential biological consequences of such findings
have been elusive. We, therefore, establish a framework to understand the functional
consequences of structural changes in the actin network. To this end, we designed two
perturbative computational studies to understand mechanical and mechano-chemical
consequences of the decoupled actin organization at high Arp2/3 concentration (by
extension, mimicking high Abl activity). MEDY AN simulations were initialized at the
final configurations generated in our earlier simulations, and networks were evolved
by studying filament velocity in response to myosin walking within a defined active
zone. We find that as Abl activity increases, filaments transmit force, and therefore
information, over shorter distances as at lower levels of Abl activity.

Additionally, we also studied the differences in the network's mechano-
chemical responses to an external tensile force applied over short time scales. We see
that networks corresponding to Arp/Ena combinations that resemble wild-type actin
distributions are displaced en-masse as a single, connected unit in response to the force
exerted by AFM probe, while networks generated at high Arp, as expected from hyper-

activation of Abl activity, behave as disconnected networks. This addresses the
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longstanding problem in axonal guidance on how the actin cytoskeleton in the growth
cone organizes to move as a single entity under wildtype conditions and how Abl
overexpression causes guidance errors. In our simulations, the networks generated
under low Arp2/3 concentrations are organized similarly to wild-type axons imaged in
the experiments and behave coherently to perturbations suggesting a coordinated
information transfer through the network. On the other hand, the filaments from high
Arp2/3 concentration are weakly coupled, and the network organization is expected to
limit coherent information transfer within the actin network. We hypothesize that these
differences in properties might explain the increased developmental errors and
fragmentation observed in axons under over-expressed Abl conditions.

Experimental evidence suggests that changes to Abl levels alter growth cone
width and also peak wavelet length scales. This study has helped us understand the sub-
micron architecture of actin that can explain the experimental observations.
Simulations reveal that actin is organized into communities that are weakly coupled.
Considering evidence from the previous chapter on actin domain organization, we see
that actin networks are organized into high-density actin domains that are weakly
coupled to one another. Thus the network architecture is a combination of domain size
and domain-domain spacing. The two experimental metrics listed above measure a
combination of the two actin domain properties.

Another critical question is the source of Abl loss of function phenotypes. At the
lowest levels of Arp2/3, simulated actin networks showed maximal condensation of

actin, consistent with the contraction of the actin second moment in Abl loss of function
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conditions. So, we hypothesized in our earlier experimental study[225,229] that
increased activity of Ena resulting under Abl loss of function conditions might lead to
the local collection of F-actin into the individual actin peaks, potentially stimulating
actin fragmentation. However, in our simulations, we do not observe obvious evidence
for the degree of short-length scale fragmentation as reported in experiments
characterized by the generation of small foci of intense actin intensity. The reason for
this is not apparent. Such differences can be accounted for, in part, by a more detailed
model of Enabled. As Ena tetramer's bundling activity has been found crucial in
filopodial bundles [23,120], we suggest that the differences in actin organization might
be more evident using a detailed model of Ena as a tetramer capable of binding to

multiple actin filaments.

4.5. Conclusion

We studied the downstream effects of the Abl signaling pathway using computer
simulations in MEDYAN. We find that Abl alters network architecture primarily
through changes to Arp2/3 abundance. We identify specific changes to actin
architecture resulting from changes to Arp2/3 and identify differences in mechano-
chemical signal transduction by studying actin networks' responses to perturbations.
Taken together, these and other findings from this work provide a molecular-level
picture of how axon morphogenesis arises from the biophysics of actin networks. In as
much as all axonal signaling molecules have to converge on the same, restricted set of

elementary dynamic processes of growth cone actomyosin dynamics interrogated here,
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we believe that this picture applies not just to Abl-dependent axon patterning

mechanisms but also to other signaling modules that guide neuronal morphogenesis.
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Chapter 5 Discussion and Outlook

In this thesis, we explore the self-assembly processes driven by both linear and
dendritic actin filaments and highlight the cooperation between them within axonal
growth cones. Using MEDYAN, an advanced mechanochemical forcefield, we
simulate actin networks along with the necessary actin-binding proteins. This has given
us biophysical insights into several biological phenomena. As the structure of
cytoskeletal structures plays a key role in mechanotransduction, this thesis helps
understand the structure-function relationship of the actin cytoskeleton.

Cells spontaneously alter chemical fluxes of actin and a cohort of actin-binding
proteins to remodel the actin cytoskeleton. In Chapter 2, we looked into the role that
crosslinkers, myosins, and treadmilling rate play in the stability and active remodeling
of bundles. The resultant network morphologies give us a dictionary of states that are
favored at steady-state. By devising a novel unsupervised learning algorithm, we
identify the underlying patterns among the structures that suggest that the bundles
broadly sample three unique network morphologies. With our knowledge of specific
parameter ranges in the state space that lead to bundle stability, we can now explore
the role that focal adhesions play in facilitating stress fibers as mechanotransducers.
Focal adhesions are complexes of transmembrane proteins such as integrins and
proteins such as vinculin, talin, and paxillin adjacent to the plasma membrane.[238—
241] Simulation of such complex mechanochemical events requires explicit membrane

and transmembrane proteins modeling. Recently, a member of our lab (Haoran Ni) has
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been constructing reaction-diffusion models on semi-flexible membranes to understand
the biophysical origins of cytoskeletal-membrane coupling.

In Chapter 3, we investigated the spatial organization of the actin network at
various Arp2/3 concentrations. Analyzing spatial density fields of actin, we found key
differences in actin organization at high Arp2/3 concentrations that result in a spatially
fragmented actin network. Similar behaviors of network organization have been
observed in linear networks where additionally, the size of fragmented domains grows
with a characteristic power-law behavior.[177,181] Such behaviors are reminiscent of
phase transitions observed in polymers in unfavorable solvents.[206] Such transitions
have been observed in filamentous actin systems as sol-gel transitions, and the role of
crosslinkers and myosins in regulating this transition has been established. Here, we
find that changing Arp2/3 and Ena can help tune the spatial scale of the gels. Our results
suggest a novel mechanism by which biochemical signaling can trigger cytoskeletal
remodeling in cells by modulating the nature of sol-gel transitions. Further analysis of
such active coarsening behaviors will help us understand the fundamental physical
principles behind actin organization in cells. Our simulations suggest that networks
under low Arp2/3 concentrations are sensitive to changes in myosin activity while high
Arp2/3 networks respond weakly to changes in myosin activity. This hypothesis can be
tested experimentally using reconstituted purified networks of dendritic actin networks
at various myosin concentrations.

In Chapter 4, we looked at the cooperation between Arp2/3 and Ena in

determining axonal architecture. While we identified unique features that explain the
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actin architecture observed in wild-type and overexpressed signaling states, we did not
find mechanisms of fragmentation observed under Abl loss of function. The effects
could be explained, in part, by a more detailed model of Ena tetramer. In our study,
Ena is modeled as a barbed end binding protein that accelerates actin polymerization.
Nevertheless, experimental evidence suggests that each subunit in the tetramer can
interact with the actin barbed end or bind along the sides of an actin filament. We could
employ a more detailed model where Ena acts as a tetrameric actin-binding protein to
account for this mechanism. Thus, we can study if the role of Ena as a multifilament
binding protein can help explain network fragmentation observed under Abl loss of
function in vivo.

Additionally, our studies do not include mechanisms of polarization which is crucial
for directional growth. Recent evidence suggests that microtubules play a crucial role
in establishing neuronal polarization. More specifically, microtubule-actin crosslinks
act as ratchets that prevent retrograde flow of actin into the cell body. This mechanism
can be explored in MEDY AN. Finally, we can also explore the role of spatial gradation
in Abl signaling within growth cones. As Abl activation happens in response to
extracellular cues detected by transmembrane protein, Abl activity could decay
monotonically from the axonal tip to the cell body. We can model a spatially
heterogeneous model for Abl activation and explicitly couple local Arp2/3 and Ena
activity to Abl abundance. This will help us gain more critical insight into the sub-

micron architecture of actin filaments within growth cones.
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To push the envelope on our current understanding of actin networks, we need
to continue improving the performance of MEDY AN to simulate cell-scale networks.
Stochastic simulations of such complicated chemical networks are computationally
prohibitive. To overcome this, we can use a constant time-step Gillespie algorithm
where all compartments in the system can be evolved in parallel under a predetermined
time step. Such a scheme can also enable us to decouple reaction and diffusion
operators of the master equation under carefully chosen time-steps. Such efforts are

currently underway in a joint project led by Haoran Ni and me from the lab.
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Appendices

Appendix A. Supporting Information for Chapter 2

Supporting Figures
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Figure A-1 Schematic is depicting different modes of actin bundle organization.
Actin monomers with barbed and pointed end polymerize to form long filaments. a) Unipolar
bundles have polarity sorted barbed and pointed ends while ¢) Sarcomeric bundles have
polarity sorted pointed ends. b) Apolar bundles have zero net polarity while d) graded polarity
bundles have varying degrees of polarity along the length of the bundle.
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1 Unipolar initial configuration Apolar initial configuration
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Figure A- 2 Nematic order and shape parameters highlight the differences between BL,
ABI, and AL morphologies. Mean and standard deviation of nematic order parameter and
shape parameter from the last 500s from networks simulated at 42 different mole ratio pairs
under (a) unipolar and (b) apolar initial conditions are shown. BL, ABI, and AL morphologies
are colored respectively in green, red, and blue. Inset shows zoomed-in plots of shape and order
parameters to highlight differences between BL and ABI morphologies. Please refer to
Supporting Methods (sections A.3 and A.4) for the definitions of order and shape parameters.
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Figure A-3 Radial distribution function-based order parameter for different network
morphologies observed in non-treadmilling networks. Profiles of g(rpqrp)/g (1) for 42
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different mole ratio (M: A,a::A) pairs are plotted for unipolar (left) and apolar (right). In studies
by Freedman et al. [158], this order parameter delineates polarity sorted networks. BL, ABI,
and AL morphologies are colored respectively in green, red, and blue. Inset shows the complete
profile of the distribution function. Using the last 500s of trajectories, each actin segment was
interpolated to get a fine grain network structure.

Figure A-4 Mole ratio of crosslinkers bound to actin network at different total crosslinker
mole ratios. Mean and standard deviation bound crosslinker mole ratios (abound: A) for
networks evolved from both unipolar (left) and apolar (right) bundle configurations at different
myosin mole ratios (M: A, legend) are shown. The last 500s of the trajectories were used to
calculate bound crosslinker mole ratios. As M: A is increased, the average number of linkers
bound to the network reduces.
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Figure A- 5 Dendrograms from clustering actin networks from unipolar (left) and apolar
(right) initial conditions. Dendrogram clades are colored based on network morphology.
Type A catastrophe is characterized by a poorly connected network with very low packing
density, while B catastrophe is characterized by a connected network with moderate packing
density. Six of the resulting clusters from apolar conditions were incorrectly clustered to an
anomalous cluster. They contained spherical asters and apolar bundles in the same clade.
Representative snapshots of members within the cluster are also shown. The two kinds of
catastrophes seen are characterized either by network split (Type A) or poor inter-filament

connectivity (Type B).
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Figure A-6 Networks evolved from unipolar (left) and apolar (right) bundle configuration
with M:A = 0.0225, at a:A 0.01 (top row), 0.1 (middle row), and 0.4 (bottom row) under
different treadmilling rates modulated through y. Side view of reaction volumes (blue
rectangle) filled with actin filaments (red) along with bound myosin (blue) and a-actinin
(green) are shown. Initial reaction volume side views along with initial actin network
configuration are also shown for comparison. Inset in each panel shows a dendrogram obtained
from the clustering protocol used. Refer to Appendix A, Figure A-4 for the color map of
dendrograms presented.
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Figure A-7 Networks evolved from unipolar (left) and apolar (right) bundle configuration
with M:A = 0.09, at a:A 0.01 (top row), 0.1 (middle row), and 0.4 (bottom row) under
different treadmilling rates modulated through y. Side view of reaction volumes (blue
rectangle) filled with actin filaments (red) along with bound myosin (blue) and a-actinin
(green) are shown. Initial reaction volume side views along with initial actin network
configuration are also shown for comparison. Inset in each panel shows a dendrogram obtained
from the clustering protocol used. Refer to Appendix A, Figure A-4 for the color map of
dendrograms presented.
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Figure A- 8 Networks evolved from unipolar (left) and apolar (right) bundle
configuration with M:A = 0.0225, at a:A 0.01 (top row), 0.1 (middle row), and 0.4 (bottom
row) under different treadmilling rates modulated through y. Side view of reaction
volumes (blue rectangle) filled with actin filaments (red) along with bound myosin (blue) and
a-actinin (green) are shown. Initial reaction volume side views along with initial actin network
configuration are also shown for comparison. Inset in each panel shows a dendrogram obtained
from the clustering protocol used. Refer to Appendix A, Figure A-4 for the color map of
dendrograms presented.
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Figure A- 9 Networks evolved from unipolar (left) and apolar (right) bundle
configuration with M:A = 0.675, at a:A 0.01 (top row), 0.1 (middle row), and 0.4 (bottom
row) under different treadmilling rates modulated through y. Side view of reaction
volumes (blue rectangle) filled with actin filaments (red) along with bound myosin (blue) and
a-actinin (green) are shown. Initial reaction volume side views along with initial actin network
configuration are also shown for comparison. Inset in each panel shows a dendrogram obtained
from the clustering protocol used. Refer to Appendix A, Figure A-4 for the color map of
dendrograms presented.
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Supplementary Results

A.1. Trajectory analysis

Trajectories were generated for each pair of crosslinker and myosin mole ratios
considered (o: A, M: A) in the case of non-treadmilling study, and for each triad of
treadmilling factor, crosslinker mole ratio and myosin mole ratio (y, o: A, M: A) to
study the effect of treadmilling under both unipolar and apolar initial conditions.
Trajectories are analyzed once a steady-state is reached. Steady-state is defined based
on network radius of gyration for non-treadmilling networks (Appendix A, Figure A-
10) and based on filament length fluctuations for treadmilling networks (Appendix A,
Figure A-11). Filament length fluctuations are characterized by filament treadmilling
rate, defined as the rate of monomer addition at plus-end or removal at minus end of
each filament in the network. To ensure equal sampling at steady-state across all

conditions studied, the last 500s of the trajectories are considered for analyses.
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Figure A- 10 Ratio of network radius of gyration to initial radius of gyration at a:A 0.1
and various myosin mole ratios. The mean and standard deviation of Rg(t)/Rg(0) is plotted
as a time series for trajectories from a) Unipolar b) initial Apolar configurations. Both unipolar
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and apolar bundles at high myosin mole ratio (0.675) show higher fluctuation in Rg(t)/Rg(0)
due to myosin activity.
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Figure A- 11 Treadmilling rates as a function of y parameter. Mean and standard deviation
of treadmilling rates of networks evolved from unipolar (a-c) and apolar (d-f) bundles as the
initial configuration are shown. a-actinin mole ratios are mentioned on top of each panel at
varying M: A. The last 500s of the trajectories were used to calculate treadmilling rates.
Treadmilling rate is defined as the rate of monomer addition at the plus end (removal at the
minus end) for each filament in the network.
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Supplementary Methods
A.2.Chemical model

2.1. Diffusion

Rigorous consideration of the diffusion process would involve Brownian dynamics
simulation of each of the freely diffusing molecules in the system. As this is
computationally expensive, we divide the reaction volume into compartments of
uniform mixing based on the Kuramoto length [242]. Kuramoto length is the length
scale over which two regions of the reactive diffusion system are uncorrelated with
respect to copy number fluctuations of diffusing molecules [243,244].

Kuramoto length measures the mean free path before reactive collisions. In other
words, a chemical species diffusing in a volume undergo a reaction before it traverses
Kuromoto length [245]. The species are mixed uniformly within spatial dimensions
determined by Kuromoto length, while points separated by distances larger than
Kuramoto length fluctuate independently [243,244]. Hence, the reaction volume is
divided into compartments whose dimensions are smaller than Kuromoto's length. If
the species of interest diffusing with a diffusion constant D is produced at the

mesoscopic rate k+ and consumed at the rate k-, Kuramoto length is given by the ratio

X - ktk-
L))
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As actin polymerization is the fastest reaction in actomyosin networks, the cellular
concentration of actin is used to determine Kuromoto length. We choose a compartment
size of 500 nm, which is less than the Kuromoto length [89].

Diffusion reactions are defined as events of single-molecule transfer between two
compartments. Hence, for two compartments (A and B) sharing a boundary, we define
two different diffusion reactions (molecule from A diffuses into B and vice versa).
Diffusion events are chemical reactions in the stochastic simulation protocol. Thus,
diffusing molecules are represented as a homogenous continuum within compartments
instead of individual particles. Diffusion coefficients of a-actinin and myosin were

considered to be 1/4 and 1/8 that of actin, respectively.
2.2. a-actinin, myosin minifilament binding and unbinding

The rate constants for each of these reactions were obtained from experiments as
explained in [89]. Any two unoccupied actin-binding sites within (4 per cylinder) o-
actinin (30-40 nm)/minifilament (175-225 nm) binding distance can be occupied by a
crosslinker/NMII-A minifilament, respectively. The binding sites are chosen at random
from the set of all possible binding sites. NMIIA minifilaments are made of 15-30
myosin molecules [246], and the number of myosin heads is chosen at random within
the specified range during each binding event. Refer to the section on Mechanical

Model, Mechanichemical coupling for more details.
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2.3. Minifilament walking
Minifilaments make use of energy from ATP hydrolysis and processively walk towards
barbed ends of the actin network. We simulate minifilament walking based on zero
load walking rates used in previous studies [62]. Mechanochemical coupling of

walking rates is explained later.

A.3.Details of the mechanical model in MEDYAN

3.1. Actin filaments

In MEDY AN, actin filaments are modeled as cylinders with equilibrium spacing [f* <
L, (Ig*= 108 nm in this study, l,,-persistence length) connected in the ends. This aids
considerable speed up during mechanical equilibration of the network compared to
traditional bead and spring models. Axial stretching (UF'"), bending at the hinges
between consecutive cylinders (UP¢™®) excluded volume interactions between
cylinders are the potentials included in the model.

The stretching and bending potentials are given by,

— 2
U™ =~ Keer (1] = Lo) (S3)
UPn = epenq (1 - cos(81141) ) (S4)

Kgtr, €pena are stretching and bending constants, respectively. |l_l)| is the length of

cylinder i connecting beads at x! and x?. 6; ;., measures the angle between cylinders

i and i+1. Please refer to Figure 1-6 for an illustration of potentials used in the model.

119



. . Y1
In the case of excluded volume effects, we consider a potential equal to |n — 1}|

between any two fragments on cylinders i and j located at 7; and 7; respectively. Thus,

dldl;

UiijI= volf fl (S5)

771"
Where K,,,; determines the strength of repulsion. This can be rewritten by considering
7= x_}) +t (x—lz) - x_})), where ¢ is a parameter.
UR" = Koot fy Jy oy (S6)
.
This study considers four binding sites per cylinder available exclusively for the
linker, motor binding.
3.2. a-actinin, minifilament model

As soon as a binding event is triggered, the actin-binding protein is represented
physically as a spring connecting a pair of binding sites (on actin filament) subject to
experimental constraints of bond length. During unbinding, the actin-bound protein is
replaced in the reaction volume. Minifilaments consist of 15 to 30 heads, and a number
is chosen at random during each binding step. Crosslinkers and minifilaments bound to

points i and j on actin filament experience stretching potentials given by,
Ul = 2KME(|L] - 1) (S7)
yhinker =2 elizker (1] - 1)’ (S8)

In the case of minifilaments (MF), l_U) changes with motor walking. It is rewritten in

terms of the fractional position of the two MF heads on the actin cylinder.
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3.3. Boundary

Boundaries in MEDYAN repel cylinders to confine the network within a certain

volume. The repulsion energy &poundary Scales exponentially with characteristic

length A.

boundary __ —d/A
Ui = &poundary®€ / (S9)

A.4.Mechanochemical coupling

MEDYAN framework allows for explicit consideration of feedbacks from mechanics
to the rates of chemical events. Anisotropy in the actin network leads to spatial
differences in loads acting on actin, minifilaments, and a-actinin molecules. This
highlights the necessity of mechanochemical coupling as experimental evidence
suggests that the dynamics of minifilaments in regions of high stress I altered based on
the catch-slip model. At the same time, the kinetics of a-actinin molecules are best

represented by a slip model.
4.1. Minifilament walking, binding, and unbinding rates

The salient features of minifilaments of non-processive myosin II protein are well
explained by the parallel cluster model (PCM) [62]. Ideas of mechanochemical
feedback are borrowed primarily from this model. We consider a two-state system for
minifilaments, namely bound and unbound. Bound state configuration is characterized

by AM.ADP (Actin bound myosin with ADP ligand) while unbound state involves
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M.ADP.Pi (freely diffusing minifilament liganded to ADP and Pi). Binding, unbinding,
and walking rates are affected by mechanochemical feedback.
The filament binding rate k; of minifilament can be written as,
kfiibina = Knmitaping * Neotal (S10)

where Kypmirapingls the binding rate for a single myosin head. Nyyq; is picked at
random at every binding event within the minimum and the maximum number of heads
specified.
When subject to an external load (F,,;), the unbinding and walking rates are affected
based on the number of heads in the bound state (Nj,,,4)- Under zero load conditions
(Foxt = 0), Npouna 18 given by Ny = pNiyiar- p=0.1 [251] is duty ratio defined as the
fraction of time a myosin head stays in the strongly bound state. Under non -zero F,,;,
we assume linear scaling of Ny, 4 With parameter y=0.05.

Npouna = No + VFext (SI1)
We use a catch bond behavior similar to that of [252] as the forces in our system are

within the slip bond threshold [89].

E'kRIMIIAunbind —Fext
kfil,unbind = N, T Eexp N F ) (S12)
ound bound ' NMIIA,unbind

where Fyumiiaunping 15 the characteristic unbinding force of each myosin head. € is
chosen to be 0.2 /pN. Under zero load conditions, walking rates are of each

minifilament (not for individual heads) is related to single myosin head binding rate as,

k\(A)/alk = kNMII,bind(Ntotal - Nl?ound)/Nl?ound (813)
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To model changes to myosin walking rate from mechanical forces, we employ a Hill

[253] type force-velocity relation with a parameter {=0.1 [62].

— ;0 . _Fstau=Fext)
kwalk - kwalk (Fstall‘I'Fext/ {) (814)

where Fgq;; = 12.6pN is the minifilament stall force, and { = 0.1.
4.2. a-actinin unbinding rate

Experimental evidence suggests that the a-actinin binding rate is unaffected by

external load while the unbinding rate depends on slip bond behavior.

Fex
ka,unbind = kg,unbind T exp <m) (S15)
A.5.Clustering analysis

We devise a clustering algorithm to understand underlying network morphologies
resulting from varying a-actinin and myosin minifilament mole ratios under unipolar

and apolar initial conditions.
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Figure A- 12 Schematic of clustering algorithm used to classify networks of unipolar
networks under varying o:A and M: A values. Representative final snapshots from
simulations under two different M: A values, namely 0.0225 (left) and 0.675 (right) at a:A
0.01, are shown. b) Three pair-wise distance distributions corresponding to Dis++, Dis—, and
Dis+- are constructed. Jensen Shannon divergences of Dis++, Dis— and Dis+- are calculated
for each unique simulation condition (determined by a:A and M: A) taken pairwise ¢) The sum
of divergences is used to construct two dissimilarity matrices corresponding to unipolar and

apolar initial conditions. d) Complete-linkage clustering algorithm is employed to construct
an agglomerative, hierarchical linkage that can be visualized as dendrograms.

Distances between plus ends (Dis™"), minus ends (Dis™), and minus-plus ends (Dis")
from the last 500s of each unique simulation condition are converted to distributions

(Appendix A, Figure A-12b). To compute dissimilarity between each pair of conditions
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(for example, a:A 0.05, M: A 0.0225 vs. a:A 0.05, M: A 0.675), the Jensen Shannon
divergence [156] measure for each of the three distributions is added to produce a
dissimilarity matrix (Appendix A, Figure A-12c¢). Jensen Shannon divergence between

two continuous distributions P and Q is given by,
JSD(P|1Q) =5 D(P|IM) + 5 D(Q||M) (A1)
Where M=(P+Q)/2 and D() refers to Kullback-Leibler divergence defined as,

D (PIIQ) = [2,p()log (22) (A2)

where p and q are probability densities of P and Q.

Hierarchical agglomerative clustering (complete-linkage clustering) is employed to
convert this matrix to a dendrogram (Appendix A, Figure A-12d). The clades in the
dendrograms correspond to different clusters present in our sample space. Conditions
within each cluster result in similar network morphology compared to conditions
outside. A similar procedure is repeated for results from varying y-parameter to

understand the relevant network morphologies.

A.6. Orientational order parameter (S)

S measures the directional order in liquid crystals to measure the structure of actin
bundles obtained from MEDY AN simulations. The order parameter (S) is obtained

from ordering tensor Q defined as,

3/1 1
Qap = E(NZ?LO UiqUip _550![”) B =xyz (A3)

The largest eigenvalue obtained from matrix Q represents the order parameter of the

snapshot. Order parameter from snapshots after t=1000s was averaged over 15
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trajectories to obtain (S). Order parameter 0 corresponds to random network while 1

represents absolute alignment.
A.7. Shape Parameter (Sh)

Sh measures the ratio of variance in the distribution of actin along the primary axis as
a function of the sum of variances along all three principal axes. A matrix R matrix of

bead coordinates is defined as,

X1—X Xp—X .Xy—X
RT=(y1—Y Y=V ~yn—¥ (A4)
Zi—Z Zy—Z ...IZINy—2Z

Eigen decomposition of R'R gives eigenvalues A1 > > > A3 that correspond to variance

along the three principal axes. Shape parameter is defined as,Sh = 1, /(34; ).

A.8.Probability distribution of linker, motor

For the cases where bundle configuration is preserved, the bundle axis can be
approximated by the principal axis given by the eigenvector corresponding to the
largest eigenvector of Eq. 11. Projections of position vectors of myosin minifilaments
(a-actinin) from the center of mass of bundle give the position of minifilament (a-
actinin) along the principal bundle axis. Coordinates of two binding sites and center of
mass of minifilament (a-actinin) were considered. A probability density profile is

obtained from binning results last 500s snapshots from all trajectories.
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A.9.Protocol for flexible volume simulations

At the end of each mechanical equilibration phase, we find the compartments spanned
by F-actin. An additional 1-micron skin distance is added to the extremities to define
the bounds along the x-axis for the new reaction volume. If the new reaction volume is
larger than the old reaction volume, 50% of the diffusing species in the compartments
that form the bounds of the old reaction volume is shared with the newly included
compartments, as shown in Appendix A, Figure A-13. This is continued recursively till
the compartment extremities of the new reaction volume are reached. On the other
hand, if the new reaction volume is smaller, starting from the outside, all diffusing
species are transferred inward along X-axis recursively to the bounds of the new

reaction volume.

a) Contraction b) Expansion
Current
Reac”owomme‘m‘NZ‘N3|N4‘N5|N6|N7 ‘N8| ‘Nw ‘NZ‘NS‘N4‘N5|N6 ‘m |NB‘
New
Reaction volume ‘NZ‘NS‘N4‘N5|N6‘N7| |N‘1‘NO‘N1|NZ‘NB!NA‘NS‘NB‘N7|N8‘N9|
N2=N2+N1 N7=N7+N8 NO = N1/2 Eg:gg
N1=N1/2
Species m m Step 1
{ransfer Nt | N2 | N3 | Na | N5 | N6 | NTO| N8
protocol |N-1‘NO N1|N2|N31N4‘N5|N6|N7|N8‘N9|
Step2 ) NO=NOI2
N-1= NO/2

Figure A- 13 Schematic is explaining the flexible volume protocol employed to simulate
treadmilling bundles. Reaction volume discretized into compartments is shown. Copy
number of diffusing species (N) in the compartment (i) is represented as Ni. Scenarios where
reaction volume has contracted (a) and expanded (b) at the end of chemical evolution, and
mechanical equilibration are shown. Diffusing species are redistributed to account for the
change in reaction volume. This protocol helps us explore filament dynamics without the
influence of boundaries along the filament axis.
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Appendix B. Supporting Information for Chapter 3
Supplementary Table
Parameter | Symbol | Value | Reference
Geometric parameters
Compartment size Lcomp 500nm [89]
Number of compartments in each | Nx,Ny,Nz 4415 i
dimension 7
Length of a cylinder Lyt 40 -
Minifilament binding distance dNMILbind 175-225nm [89]
a-actinin binding distance dabind 30-40nm [89]
Diffusion rates
- 2 -
Actin kactm,dlff 12]0Hm /s [80 S [89]
o-actinin Ko, difr Kactin,dift/ 10 [39]
Myosin minifilament KN difr Kactin,dift/ 100 [89]
Enabled KEna,diff Kactin,dift/ 100 -
Arp2/3 K Arp,dif Kactin,dife/ 100 -
Kinetic rate constants
. . . kactin poly,+ 1 1 6 (MMS)_I
Actin polymerization at plus end [0.15451] [96]
Actin depolymerization at plus Kactin depoly,+ 1.3 (uM.s)’! [96]
end [0.017s7']
Actin polymerization at minus- Kactin poly,- 14! [96]
end
Actin depolymerization at minus | Kactin depoly.- 085! [96]
end
. Ko,bind 0.7 (uM.s)’!
a-actinin binding [0.009 §'] [254]
o-actinin unbinding (F=0pN) Ko.unbind 0.35s! [254]
NMII head binding KNMILbind 0.2s”! [251]
NMII head unbinding (F=0pN) KNMILunbind 1.0s™! a
Arp2/3 binding K Arp,bind 0.0017s! b[205]
Arp2/3 unbinding (F=0pN) KArp,unbind 0.02s™! ¢[205]
Mechanochemical constants
NMH/ a-actinin binding pitch on | - >7nm [89]
actin filament
NMII head step size dstep 6.0nm d[255][256]
NMII minifilament range of Nmin-Nmax
number of heads on each side of 15-30 e[257,258]
bipolar minifilament
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minimization

NMII minifilament stall force Fnitsean 300pN for f
minifilament
NMII per head unbinding Force Fru, uning éﬁﬁisz per [62]
Tunable parameters B 0.2 [89]
Y 0.05pN"! [89]
C 0.1 [89]
Linker unbinding force Fo, unbind 17.2pN [259]
Characteristic force of Brownian | Frawchet
ratchet 1.5pN [260]
Mechanical constants
Actin filament stretching Kfistr 100pN/nm [89]
constant
Actin filament bending energy €bend 2690pN.nm [89]
Cylinder-Cylinder Excluded Kyol 105pN/nm [89]
volume constant
Myosin cross-bridge stiffness KM str 2.5pN/nm [256]
a-actinin stiffness Kostr 8pN/nm [261]
Boundary repulsion energy Eboundary 10kgT -
Boundary repulsion screening A 2 7am i
length
Minimization parameters
Length of the chemical step Ochemistry 25ms -
Force tolerance for mechanical Fr
10pN -

Table B- 1 Table of simulation parameters used in MEDYANv4.1 to simulate dendritic

actin networks.

aObtained by assuming a duty ratio of 17%, which is the average of the 11% duty

ratio corresponding to NMIIA and 23% duty ratio corresponding to NMIIB.[251]

bSlope of Figure 2D.

cBased on ATP actin parent filaments.

dValue chosen is close to the Dictyostelium step size of 7.3+0.4nm

e Experimental results suggest the total number of heads in NMIIA- 56[258],

58[257], NMIIB-60[257], and NMIIC-28[257]. Here, we use a wide range to account

for multiple binding modes of myosin isoforms.
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fConsidering the myosin-actin cross-bridge stiffness of kmnead = 2.5pN/nm [256], the

stal

| force of a single head Fhead = kmheadXdsep=15pN. If 15 heads are bound, the

Fitan,15=225pN, while 30 bound heads result in Fai,30=450pN. As our simulations

dynamically choose myosin heads at binding, a stall force of about 300pN was

chosen.
Supplementary Figures
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Figure B- 1 Arp2/3 nucleated filaments reach sub-micron length scales. Filament length

dist

ributions are shown at different time points (down each column) of the MEDYAN

generated trajectories at various Arp2/3 concentrations (left to right in each row). Arp2/3
concentrations are mentioned on the top, while simulation time in seconds is mentioned to the

left

of the figure. Arp2/3 activation at 1s is also shown. At any given Arp2/3 concentration and

time (in other words, in any given panel), the length distribution of seed filaments is shown in
green, while length distributions of Arp2/3 nucleated filaments are shown in purple.
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Figure B- 2 Influence of myosin in contractile dynamics of a dendritic network. a) Plot
shows the number of domains in the actin density field obtained at a threshold concentration
of 40uM at a) 1nM, b) 10nM, c) 25nM, and d) 50nM Arp2/3 concentration under three different
myosin concentrations. Myosin mole ratios are mentioned in the legend. The solid line
represents the mean, and the shaded area represents the standard deviation in the number of
actin domains.
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Figure B- 3 Distribution of different mechanisms that affect the number of high-density
actin domains. Pie charts show the percentage of events that lead to birth or loss of domains.
The Arp2/3 concentrations are mentioned on the top, while the time ranges over which the data
was collected are mentioned to the left. Pie chart radii along each column are scaled to reflect
the fraction of events during the entire trajectory (row 1). For example, under Arp2/3
concentrations of 1, 5, and 10nM, most of the birth/death events occur in the initial 500s of the
trajectories.
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Figure B- 4 Linear nucleators with Arp2/3 kinetic parameters reproduces fragmentation
patterns. Time profiles of number of domains, mean domain mass, mean domain volume, and
mean actin density in domains are plotted. Solid lines in top left panel represent mean while
shaded area represents standard deviation. Time profiles in all four panels are colored based on
linear nucleators concentration shown in legend (top-left).
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Supplementary Results
B.1. The dynamic evolution of actin domains is independent of

threshold actin concentration

To ensure that the domain architecture observed in the actin density fields at 40uM
threshold concentration is not limited by choice of threshold concentration, we also
studied the actin dynamics at 20uM and 30puM thresholds (Figure B-4). We see that
while the threshold concentration affects the number of high-density actin domains
observed, it does not drastically alter the dynamics of actin domains. Thus, our
observations reported in the main text are robust to the choice of F-actin concentration.
It is worth noting that extremely high threshold concentrations will result in a different
picture of actin organization (Figure 2.2B) but will be a misleading picture as it will

include only a tiny fraction of total actin in the network (Figure 2.2C).

5r r
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Figure B- 5. Arp2/3 dependant actin organization is independent of threshold
concentration. The time profile of the number of high-density actin domains found by varying
Arp2/3 concentration is shown. High-density domains were detected at A. 20 uM and 30 uM
local actin concentration thresholds. The solid line and shaded area represent mean and
standard deviation, respectively.
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B.2. Estimation of drift and diffusion from domain count time-series

data

To understand this, we modeled the time series of domain counts from the
trajectories at high Arp2/3 concentrations as a stochastic Ito process given by,

dN = A(N, t)dt + B(N, t)dW (1)

where the number of clusters at time t (N) depends on effective drift term (A) and

diffusion coefficient (B). We estimated the effective drift and diffusive terms

numerically as,

. (N(+AD-n)
Ao = Jim ST @)
. AIN@E+AD-N]?)
B(Tl, t) - Al}:r—l;lo At N(t):n (3)

Parameters A and B were estimated at different N(t) values for At=1s.
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Appendix C.

Supporting Information for Chapter 4

Supplementary Table
Parameter | Symbol | Value | Reference
Geometric parameters
Compartment size Lecomp 500nm [89]
Number of compartments in each | Nx,Ny,Nz 4415 i
dimension o
Length of a cylinder Leyi 40 -
Minifilament binding distance dNMI1Lbind 175-225nm [89]
a-actinin binding distance dabind 30-40nm [89]
Diffusion rates
- 2 -
Actin kactln,dlff 12]Op-m /s [80 S [89]
o-actinin Kadifr Kactin,dift/ 10 [89]
Myosin minifilament KnmLdie Kactin dif/ 100 [89]
Enabled KEna,diff Kactin,dife/ 100 -
Arp2/3 KArp.diff Kactin,dife/ 100 -
Kinetic rate constants
. . . Kactin poly,+ 11.6 (HM-S)_I
Actin polymerization at plus end [0.15451] [96]
Actin depolymerization at plus Kactin depoly,+ 1.3 (uM.s)! [96]
end [0.017s7']
Actin polymerization at minus- Kactin poly,- 1.4 ¢! [96]
end
Actin depolymerization at minus | Kactin depoly,- 0.8 s [96]
end
. Ko,bind 0.7 (uM.s)™!
a-actinin binding [0.009 ] [254]
o-actinin unbinding (F=0pN) Kounbind 0.3s! [254]
NMII head binding KNMILbind 0.2s’! [251]
NMII head unbinding (F=0pN) KNMILunbind 1.0s™ a
Arp2/3 binding K Arp,bind 0.0017s™! b[205]
Arp2/3 unbinding (F=0pN) K Arp,unbind 0.02s™! ¢c[205]
. . kEna,bind 75 (MMS)_I
Ena blndlng [09965-1] [24]
Ena unbinding KEna,unbind 0.69s™ [24]
8
Ena enhanced polymerization Kenapoly f(? '33988_(1*]‘M'S) d

Mechanochemical constants
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NMH/ a-actinin binding pitch on | - 27nm [89]

actin filament

NMII head step size dstep 6.0nm e[255][256]

NMII minifilament range of Nmin-Nmax

number of heads on each side of 15-30 [257,258]

bipolar minifilament

NMII minifilament stall force Frmitstal 300pN for g

minifilament

NMII per head unbinding Force Fmi, unbind Iléilzp N per [62]

Tunable parameters B 0.2 [89]
Y 0.05pN"! [89]
C 0.1 [89]

Linker unbinding force Fo, unbind 17.2pN [259]

Characteristic force of Brownian | Frachet

ratchet 1.5pN [260]

Mechanical constants

Actin filament stretching constant | K s 100pN/nm [89]

Actin filament bending energy €bend 2690pN.nm [89]

Cylinder-Cylinder Excluded Kyor 10pN/nm [89]

volume constant

Myosin cross-bridge stiffness Knmistr 2.5pN/nm [256]

a-actinin stiffness Ko,str 8pN/nm [261]

Boundary repulsion energy Eboundary 10kgT -

Boundary repulsion screening A 2 7om i

length

Minimization parameters

Length of the chemical step Ochemistry 25ms -

Force tolerance for mechanical Fr

. 10pN -
minimization

Table C- 1 Table of simulation parameters used in MEDYANv4.1 to simulate dendritic
actin networks.

aObtained by assuming a duty ratio of 17%, which is the average of the 11% duty
ratio corresponding to NMIIA and 23% duty ratio corresponding to NMIIB.[251]
bSlope of Figure 2D.

cBased on ATP actin parent filaments.

d Refer Appendix C1
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eValue chosen is close to the Dictyostelium step size of 7.3+0.4nm

f Experimental results suggest total number of heads in NMIIA- 56[258], 58[257],
NMIIB-60[257], and NMIIC-28[257]. Here, we use a wide range to account for
multiple binding modes of myosin isoforms.

gConsidering the myosin-actin cross-bridge stiffness of kmnead = 2.5pN/nm [256], the
stall force of a single head Fiead = KmheadXdstep=15pN. If 15 heads are bound, the
Fitan,15=225pN, while 30 bound heads result in Fai,30=450pN. As our simulations
dynamically choose myosin heads at binding, a stall force of about 300pN was

chosen.
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Perturbation study paramters | Symbol | Value | Reference
Myosin walking driven perturbation of network
Length of the chemical step Ochemistry 10ms -
Snapshot time step Asnapshot 100ms -
Width of the active zone where dactivezone
. . 500nm -
myosin is activated
Functionalized AFM probe mimic simulations
Number of compartments in each | Nx,Ny,Nz
. . 4,4,20 -
dimension
The time scale of the chemical Ochemistry
25ms -
step
AFM.‘[lp motion at the end of the | darm 5nm [233]
chemical cycle
Total number of AFM tip NaFMsteps
. 100 -
displacements
Effective AFM tip velocity VAFM 200nm/s -
AFM tip radius Rarm 250nm [233]
Number of filaments attached to Nfilaments, AFM
AFM tip 50 [233]
Length of filaments attached to Lfilaments,AFM 5400m i
AFM tip

Table C- 2 Table of additional simulation parameters used in MEDYANv4.1 to study
responses of actin networks to perturbations.
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Supplementary Figures

[Ena] = InM [Ena] = 5nM

Figure C- 1 Representative final snapshots showing actin networks at various [Arp2/3]
concentrations at [Ena]=1nM, 5SnM, 10nM and 25nM. Actin filaments, Arp2/3, and Ena are
shown as white filaments, red spheres, and yellow spheres, respectively.
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Figure C- 2 Representative final snapshots showing actin networks at various [Arp2/3]
concentrations at [Ena]=50nM. Actin filaments, Arp2/3, and Ena are shown as white
filaments, red spheres, and yellow spheres, respectively.
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Figure C- 3 Representative final snapshots showing actin networks at various [Ena]
concentrations at [Arp2/3]=1nM, 5nM, 10nM and 25nM. Actin filaments, Arp2/3, and Ena
are shown as white filaments, red spheres, and yellow spheres, respectively.
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Figure C- 4 Representative final snapshots showing actin networks at various [Ena]
concentrations at [Arp2/3]=50nM. Actin filaments, Arp2/3, and Ena are shown as white
filaments, red spheres, and yellow spheres, respectively.
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Figure C- 5 Effect of Arp2/3 and Ena on filament length distributions. Probability density
function profiles of filament length distributions are shown by varying [Ena] concentration
along the top row and by varying [ Arp2/3] concentration along the bottom row. Each panel in
the top row shows profiles from different Arp2/3 concentrations (shown in legend), while each
panel in the bottom row shows profiles from varying Ena concentrations. Solid lines and shaded
areas represent mean and standard deviation, respectively.
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Figure C- 6 In-silico mimics of Abl share similar properties with in vivo growth cones. A.
Axial actin distribution from the final snapshot of simulations is shown at various Arp/3 and
Ena concentrations. Each panel shows actin peak-aligned actin profiles from 6 replicates. B.
Peak-aligned, normalized actin intensity profiles from WT Abl axons is shown. The actin
profiles are truncated based on an experimentally determined average growth cone span of
15um. Each panel shows actin profiles from the first 30 minutes of imaging (sampling

144



frequency=3min) as solid lines. In all 14 cells imaged, the median and median absolute
deviation of the actin intensity profiles are shown as solid black lines and shaded areas.

Supplementary Methods
C.1. Determination of Enabled-enhanced polymerization rate

In our simulations, we model Enabled as a molecule that can bind free barbed ends to
stabilize them from depolymerization. Additionally, Ena also enhances the
polymerization rate of filaments. As Ena polymerization rates are not readily available,
we used data from Winkelman et al.[23] to determine rate constants. Under 0.924uM

actin, 5SnM of Ena extends actin filaments at the rate of 27.1 subunits/(filament.s) in the

. dNg, .
first 150s. The filament extension rate ( va) of Ena bound filaments, can be written
as,

+
dNEV _ k+ CO
dt — "EV,poly ™A

Thus, the Ena driven elongation rate of barbed ends is given as, kgy o =
29.38uM s 1,
C.2. A deterministic model for actin filament dynamics in the presence

of Arp2/3 and Ena

Please refer to Appendix Table C-1 for a list of notations used. The following table

gives the concentration of species

Concentration of Symbol
F-actin [FA]
Minus End [M]
Plus End [P]
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Filament bound Arp2/3 [B]

Ena bound plus end [EP]
Diffusing Actin [AD]
Diffusing Arp2/3 [BD]
Diffusing Ena [ED]

Table C- 3 Table of concentrations used in the deterministic model of actin dynamics.

The following kinetic equations give the dynamics of actin under the presence of
Arp2/3 and Ena.

d[FA] 1
T = kArp,bind z [FA][AD][BD] + kpoly,+ [AD][P] + kpoly,— [AD][M]
- kdepoly,— [AD][M] - kdepoly,+ [P] - kdepoly,— [M]
+ kpoly,Ena [EP] [AD]

d[AD] _ d[FA]

dt dt
d[EP]
T = kbind,Ena [P][ED] — kunbind,Ena [EP]
d[P] d[EP] 1

it = — dt + kArp,bind E [FA] [AD] [BD]
d[M]
7 = kArp,unbind [B]
d[B] 1
7 = kArp,bind ; [FA] [AD] [BD] - kArp,unbind [B]
diBD]  d[B]

dt ~  dt

The equations were solved simultaneously in MATLAB® using the ode45 function to

generate numerical profiles of average filament length and Ena-driven actin turnover.
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C.3.Filament-Filament contacts based community detection using

Louvain Modularity

Modularity metric, Qe[-1,1], measures how well a set of edge-weighted nodes are

organized as communities.

1 kik;
Q=3 2. 4= | 80
LJj

Ajjrepresents the edge weight between nodes 1 and j. k; and k;j represent the sum of

weights from all nodes that are connected to i1 and j, respectively. ci and cj represent
communities that nodes i and j are assigned to. Finally, m = %ZAL- j- Louvain

modularity optimization algorithm was implemented in MATLAB®. It involves the
following steps. MEDYAN code was edited to output the total number of linkers,
motors, and branchers between any two filaments. The output was used to generate a
graph structure with filaments as nodes and the total number of linker, motor, and
brancher contacts as the edge weight.

Optimization procedure based on Blondel et al. [236] and involves two phases. A graph
structure each actin filament (graph node) is assigned to its own community. Thus, we
start with as many communities as there are nodes in the network. We initiate
optimization moves by randomly picking a node i belonging to community c;. We
consider neighbors {j} of node i and calculate the change in modularity when node i is
assigned to each of the communities of neighbors {j}. Node i is placed in the

community where the modularity gain is maximized. This procedure is repeated till no
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more increase in modularity can be achieved. This marks the end of the first phase.
Once completed, in the second phase, we use the community architecture at the optimal
condition to generate a reduced Adjacency matrix which can be optimized further. In
this graph structure, the communities from the previous iteration are defined as vertices
of the graph. Edge weight between any two new vertices is defined as the sum of
contacts between filaments that are part of the two communities. Connections within
the same vertex lead to self-loops. By iteratively repeating phases one and two, we
reduce the number of metacommunities detected. This procedure is repeated four times
to understand the contact-based organization of actin filaments. Beyond four passes,

we see negligible changes to the community organization of the networks studied.
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