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Supplementary Table 1. Quantification of actin pattern in the fixed embryos at
Stages 15 and 16 (Figure 1 e-g, Figure 4c, Extended Data Figure 6a, b)

Number Orientation) Cluster analysis (ellipse-fitting)
of ROl | Median Orientation |Number of cluster |Area (um2) |Major length (um) [Minor length (um)|Aspect Ratio
M 0.0530 0.3286 0.1780 1.9458
Stage15 o | 22 4.5 356
(SD) 0.0514 0.1615 0.0795 0.8754
Stage 16 Mean 21 66.5° 271 0.0576 0.3835 0.1682 2.4241
(SD) 0.0564 0.2309 0.0717 1.4841




Supplementary Table 3. Quantitative results of the actin pattern of RNAI lines

(Figure 3a, Extended Data Figure 3a-c)

(Light blue: RNAI lines with strong actin cable formation defect (screen positives), LL: Larval lethal)

Lethality** Number Orientation) Cluster analysis (ellipse-fitting)

of ROI |Median Orientation|Number of cluster| Average major length (nm) | Average minor length (nm) |Aspect ratio
attP40 (control)| viable 18 64.5 289 345.57 161.02 2478
attP2 (control) | viable 24 63.5 405 363.37 166 2.458
cpb semi-LL 24 66.5 418 343.64 162.86 2.499
chic LL 18 63.5 310 355.31 165.26 243
jub LL 18 62.5 314 366.05 168.12 2432
WASp LL 24 61.5 432 347.77 160.87 241
Keapl LL 30 63.5 526 353.54 162.56 2534
aSpec LL 21 60.5 408 316.47 154.77 2.297
twf LL 18 59.5 321 381.54 177.56 2.391
zip LL 18 59.5 299 330.58 169.1 2.252
shi LL 18 59.5 358 341.13 158.56 2.381
aCat LL 24 58.5 447 330.64 165.28 2.255
Septin2 LL 18 57.5 334 347.02 167.22 2.321
shot LL 18 57.5 264 340.26 212.23 1.981
Chd-64 LL 24 57.5 393 299.28 179.12 2.107
form3 LL 24 60.5 469 297.19 153.95 2.153
tsr LL 24 57.5 460 309.54 160.42 2.186
CG3630 LL 30 54.5 633 296.45 156.93 2.077
WupA LL 18 54.5 378 310.36 160.15 2.247
ssh LL 18 52.5 304 289.87 155.78 2.001
dia LL 18 51.5 365 295.37 159.62 2.101
cora LL 24 50.5 497 279.42 153.48 2.018
Zasp52 LL 18 48.5 432 289.91 154.24 2.081
DAAM LL 18 445 298 314 171.33 1.988
RhoA RNAi n.d. 18 62.5 364 261.63 136.07 2117
RhoA DN n.d. 24 54.5 531 279.32 149.51 2.055
Actn[14] viable 21 42.5 407 359.84 176.25 2.323




Supplementary Table 5. Conditions of simulations and the results of image

analysis (Figure 4 b, ¢, Extended Data Figure 6 b-d)
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Supplementary Table 6. Results of motion analysis of small clusters (Figure 4d,

Figure 5a, d)
|Ax| (nm) |Ay| (nm) [Ayl/|AX] distance (nm) n (N)
Simulation
Figdd-1-M 18.2 (£ 25.3) 17.6 (= 23.1) 0.97 28.4 (£ 31.8) | 1461 (1)
Figdd-2-M 19.4 (+ 26.5) 21.8 (£ 32.7) 1.13 32.8 (£ 39.4) | 1134 (1)
Figdd-4-M 18.4 (+ 18.1) 26.6 (+ 32.9) 1.45 35.9 (£ 34.1) | 152 (1)
Stage 15 (wild-type embryo)
-40 min 75.8 (* 70.3) 81.9 (¢ 77.0) 1.08 124.1 (= 88.9) | 314 (4)
-30 min 63.7 (+ 58.4) 86.8 (+ 82.6) 1.36 118.1 (= 88.7) | 372 (4)
-20 min 63.4 (£ 62.0) 83.0 (+ 79.6) 1.31 116.1 (= 87.2) | 333 (3)
-10 min 73.3 (% 70.0) 102.2 (= 94.1) 1.39 141.3 (= 97.9) | 317 (4)
0 min 62.6 (+ 65.9) [107.4 (+ 104.0) 1.72 137.0 (£ 108.7)| 322 (4)
Stage 16 (RNAi-expressing embryo)
Control 49.3 (£ 52.8) 78.8 (* 72.6) 1.6 103.1 (= 77.8) | 352 (6)
zasp52 RNAI 82.3 (+ 79.0) 80.4 (+ 71.2) 0.98 129.2 (= 88.8) | 977 (10)
DAAM RNAi 60.9 (68.1) 58.4 (72.2) 0.96 94.7 (89.5) 463 (6)




Supplementary Table 7. Results of structure intervals estimated from the structure
factor (Extended Data Figure 6¢)

A p/2tr o interval (nm)
Extended Data Fig. 6 e1 (1-M) 1.28851752 2.4760336 0.52752849 404
Extended Data Fig. 6 e2 (3-M) 0.6686629 1.75146809 0.37248651 571
Extended Data Fig. 6 €3 (4-M) 0.49937622 1.89140416 0.5010602 529
Extended Data Fig. 6 e4 (c4-1) 3.73424732 2.12315061 0.56089287 471




Supplementary Table 8. Reagents and genotypes of fly strains used in this study.

Reagents Source Identifiers
Antibodies

Alexa Fluor 488 Phalloidin Thermo Fisher #A12379
Rabbit anti-GFP polyclonal antibody Medical & Biological Laboratories Co. Ltd. #598

Goat anti-rabbit IgG Alexa 488 Thermo Fisher #A-11008
Chemicals

In-Fusion PCR cloning kit Clontech #639648
KOD-Plus-Neo Toyobo #KOD-401
10x Phosphate Buffered Saline Nacalai tesque #27575-31
16% Formaldehyde Pierce #28906
VECTASHIELD Mounting Medium VECTOR LABORATORIES, INC. #H-1000
Plasmid

pmScarlet C1 Addgene #85042
pUASTattB-LifeAct:GFP11x3 Kamiyama, Sekine et al., Nat Commun , 2016
pUASTattB-LifeAct::mScarletx2 This study

pUAST-LifeAct::EGFP Dong et al., Nat Commun , 2013

Strain (Drosophil lanog ) Source Identifiers
w[1118] Maintained in the lab N/A
UAS-lifeact::EGFP (I1I) Bloomington Drosophila Stock Center BDSC#57326
UAS-lifeact::EGFP(II) This study

UAS-lifeact: :mScarletx2 (1I) This study

UAS-lifeact: :mScarletx2 (I1I) This study

UASp-Utrophion::EGFP

Gifted by Dr. Marta Llimargas (Rauzi et al., Nature, 2010)

FlyBase ID: FBtp0073094

UASp-RFP-RhoGEF2

Gifted by Dr. Jorg Grosshans (Wenzl et al., Mech Dev., 2010)

UAS-GFP[S65T]

Hayashi et al., genesis , 2002

UAS-RhoA-RNAi Perkins et al., Genetics , 2015 BDSC#32383

UAS-RhoA[N19] Marek Mlodzik & Ursula Weber, Mt. Sinai Sch. of Med. BDSC #7328

Actn[14]/ FM7a George Lefevre, California State Univ. DGRC#107829

DAAM M CESTED Nagarkar-Taiswal et al., eLife, 2015 BDSC#60213

Zasp52-GFP William Chia, National Univ. Singapore BDSC#6838

Actn-GFP Buszczak et al., Genetics , 2007 BDSC#51573

zip-GFP Buszczak et al., Genetics , 2007 BDSC#51564

Rok-mNeonGreen Gifted by Dr. Katja Roper (Sidor et al., Dev Cell, 2020)

Software and Algorithmes Source Identifiers

Imagel-Fiji LOCI https://imagej.net/software/fiji/
MATLAB 2022a The MathWorks https://mathworks.com

Orientation] Piispdki et al., Adv. in Anat., Embryol. and Cell Biol., 2016 http://bigwww.epfl.ch/demo/orientation/
R The R foundation https://www.r-project.org/

ZEN Zeiss

Original Image] plugins This study https://signaling riken.jp/tools/imagej-plugins/




Captions for Supplementary Movies:

Supplementary Movie 1.

Actin dynamics in tracheal cells. Confocal time-lapse images showing the actin pattern
change in the apical cortex of tracheal cells in stage 15 Drosophila embryo. 0.32 s/frame
for 100 frames (31 s) at -40, -30, -20, -10, and 0 min of actin cable formation. Genotype
is btl>lifeact::GFP. Scale bar, 5 um.

Supplementary Movie 2.

Actin dynamics at -40 min. The raw and binarized time-lapse images in square ROI
(2.16 pm per side) at -40 min, when actin nanoclusters exhibit isotropic motion. Genotype
is btl>lifeact::GFP.

Supplementary Movie 3.
Actin dynamics at 0 min. The raw and binarized time-lapse images in square ROI (2.16
um per side) at 0 min, when the actin nanoclusters exhibit anisotropic motion and

formation of periodic cables. Genotype is bt/>lifeact::GFP.

Supplementary Movie 4.

Animation of the simulation results showing the self-organization of actin
nanoclusters. The actin filaments are dispersed with a low number of crosslinkers (1-L),
however, with sufficient numbers of crosslinkers, the regularly spaced nanoclusters are
self-organized (1-M). The impact of anisotropic friction (2-M), motors (3-M), or both (4-
M) on the cluster are also shown. The blue line indicates actin filament and the red line

indicates myosin motors. The conditions correspond to the cases in Fig. 4b.
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I. COARSE-GRAINED MOLECULAR DYNAMICS MODEL

We explain our coarse-grained molecular dynamics model of actin filaments, myosin motors, and a-actinin crosslink-
ers. The model is developed based on our previous model of actin filaments and myosin motors confined by mem-
branes [1], which is extended to include crosslinkers. Since the actin nanoclusters and stripes are observed in the
vicinity of the apical membrane, we consider the actin cytoskeleton dynamics in a two-dimensional space along the
membrane. We further assume a smooth membrane, and thus the membranes are not included explicitly.

We start by defining actin filaments, myosin motors, and a-actinin crosslinkers. First, actin filaments are polymer
with polarity, and their diameter is about 10nm and their persistent length is about 1 um [2]. The length of the actin
filaments in our experimental system is estimated about 100 nm (Extended Data Fig.6a). Based on this estimation,
we neglect the bending of actin filament and model a filament by a pair of two discrete particles connected by an
elastic spring, which keeps the length of the filament (Fig. 4a in the main text).

The myosin IT motor we consider is non-muscle myosin II filament, where a few tens of non-muscle myosin II
forming a bipolar bundle with multiple heads on both ends [3]. The typical size of myosin II filaments is about 10 nm
in width and 200 nm in length. We refer to the myosin II filament simply by motor hereafter. To represent the bipolar
structure, we model a motor by a particle with two actin binding domains (ABD) (Fig. 4a in the main text). The
two ABD can bind to two different filaments and walk actively along them.

a-actinin form an antiparallel dimer that crosslinks a pair of actin filaments like a motor, but they do not undergo
active walking along the filaments unlike the motors [4]. The typical size of a-actinin dimer is about 6 nm in width
and 36 nm in length. We model a-actinin dimer in the same way as the motor, namely by a particle with two actin
binding domains (ABD) (Fig. 4a in the main text). The two ABD bind to a pair of actin filaments, but they do not
walk along the actin filaments. To highlight the crosslinking function of the a-actinin dimers, we refer to them as
crosslinkers hereafter.

The equations of motion for the filament, motor, and crosslinker particles are given by

fdrf’,i £ str f,m ol | of
Pt = F R € (S1)
md,’,m m,str m,bend m
v d;n = Z (_ fm:ht - m:h )+€m’ (82)
h=0,1
cl d,,,(cjl _ cl,str cl,bend cl S3
Ve = 2 (S FT ) € (53)
h=0,1

Here r?)i represents the position of the ith particle of filament f. Since the filament consists of two particles, i = 1,2
and the particle ¢ = 0 and 1 correspond to the minus and plus ends, respectively. 7. is the particle position of motor
m and 7 represents the particle position of crosslinker c¢. The coordinate 0 < o < 1 along the filament f gives
the position of the hth ABD (h = 1,2) of motor m as (1 — aﬁ,h)r;o + oz:g’hr;’l (Fig. S1). Then, the equation of
motion for the motor ABD reads

¢ dagy

m,h walk
= 4

ce
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FIG. S1. Schematics explaining the position specified by the coordinate 0 < a < 1 along the filament, and the method to
calculate the force f acting at the position « on the particles 7§ and r.

where E; = \r? 11— rfc ol is the filament length In the same way, the position of the ~th ABD (h = 1,2) of crosslinker
c is specified by the coordinate 0 < a¢!, < 1 along the filament to which the crosslinker ABD binds. Note that the
crosslinker ABD does not walk or shde along the filament to which it binds, and thus its equation of motion does not
need to be considered. The filament index f is omitted hereafter for ease of notation.

Inertia terms are neglected because of the small size and velocity of the molecules; The typical sizes of the cytoskeletal
filament, the motor, and the crosslinkers are less than submicrometers. The sliding velocity of the motor head is
submicrometers per second. Note that the filament polarity is taken into account by the order of the filament particle
indices, which gives the cue for the motor heads to walk actively towards the filament plus end. The filament, motor,
and crosslinker particles experience friction and ﬂuctuation from the surrounding cytosolic fluid, which satisfy the
fluctuation-dissipation theorem; (£X) = 0 and (¢X,(0) ;(b(t)> = 29%6;;64p0(t) with X = {f,m,cl}. Here §;; is the
Kronecker delta that is 1 if ¢ = j and 0 if ¢ # j. The cytosolic friction is defined using a cylindrical approximation
[5] as f = 37rncyt0(3df + 2Lt 0/5) and Y™ = 6mNeyto(3d™ + L§'/5) and v = 67r77cyt0(3dd + Lg'/5), where Neyto 1S
the cytosolic viscosity and (df LE), (d™, L), and (d°!, Lg') are the width and length of the filament, motor, and
crosslinker, respectively. On the other hand, since the motor ABD are bound to and walk along filaments due to the
motor walk force f**!, they experience a sliding friction (¢'do22 , /dt.

The length of the filament is maintained by the stretching elasticity acting between the filament particles:

Str 8 arm Str
PO = o U (R L), (S5)

K2

where UM™ (7 k. Lo) = (k/2Lo)(r — Lg)? is a harmonic potential with elastic modulus x and rest length Lj.
Similarly, the stretching and bending forces act between the motor particles and motor ABD:

. 0
f:rr::;tr — 8T ZUharm( nmm,h; m:,tr L /2) (SG)
m,h p
0
m,bend __ bend m m,bend
fm,he - _a,’,g,hU ( m,0> mlvk )7 (87)
where £7 , = r5 , — . Ubend(p_ pry k) = —kf_ - 7, is bending energy with bending rigidity k. Here, we use the

abbreviations 2 = |¢| and @ = x/|z|. Their contribution to the motor ABD, f, = f," Sy I bcnd, is assigned

to the filament particles with the geometric weight Qs Which is necessary because the blndlng position may be
in between the filament particles (Fig. S1). Therefore, the force on the filament particle ¢ from the motors reads
i = 6 oL — g ) — 01 D o - Here the summations are calculated over the motor ABD
bound to the filament.

Likewise, the length and the straightness of the crosslinkers are maintained by the stretching and bending force
acting between the crosslinker particles and crosslinker ABD:

fcc,lilstr o Cl Z Uharm gcl . cl str7 L<0:1/2), (SS)
c h p
0
gebpend = O e (g, gk ke, (59)



where ﬁgl h = rﬁ}h — 7. Their contribution to the crosslinker ABD, Cc}h = f;_’l;lm + f:l,’lbend, is assigned to the filament

particles with the geometric weight agfh as fif’Cl =030 ). (1 — agh) th =01 e p ag}h g’lh, where the summations
are calculated over the crosslinker ABD bound to the filament.

These treatment of the forces from motors and crosslinkers acting on a filament ensure force and torque conservation
of the filament. Note that the counter force of the motor sliding friction and motor walk force, which act on the
filaments, vanishes because of the force balance equation (S4). Therefore, Eqs. (S1)—(S4) statistically satisfy the
force- and torque-free conditions, which are required for active systems including molecular motors [1] and migrating
cells [6, 7]. See also Ref [1] for details as well as the derivation of Eq. (S4).

In addition to the equations of motion (S1)-(S4), we consider the following stochastic processes. The first one
is the process of motor binding and unbinding. For simplicity, we assume that a motor takes either the bound
state where both of the ABD are bound to filaments, or the free state where neither of the two ABD are bound to
filaments. Unbinding of a motor ABD occurs in three cases. Firstly, a motor ABD that is bound to a filament unbinds
stochastically at the rate of w™. Secondly, when a motor ABD reaches the end of a filament by actively walking along
it, it unbinds instantaneously with the probability unity. Thirdly, a motor ABD unbinds with the probability unity
when the other ABD of the motor unbinds. The free motors are assumed to diffuse sufficiently fast, so that they
distribute uniformly. Then, a free motor binds to a randomly-selected pair of filaments whenever it find a position
on each filament that are separated by the length of the motor Lg'. Thus, this motor binding process alone causes
no force on the system. The active force is generated in the cytoskeleton through the motor stretching and bending
energies that are stored when motor ABD move along filaments.

Like the motors, we assume that a crosslinker takes either the bound state where both of the ABD are bound to
filaments, or the free state where neither of the two ABD are bound to filaments. Unbinding of a crosslinker ABD that
is bound to a filament unbinds stochastically at the rate of w®!, or with the probability unity when the other ABD of
the crosslinker unbinds. The free crosslinkers are assumed to diffuse sufficiently fast, so that they distribute uniformly.
Then, a free crosslinker binds to a randomly-selected pair of filaments whenever they find a position on each filament
that are separated by the length of the crosslinker Lgl. Thus, like the motor binding process, this binding process of
the crosslinkers alone causes no force on the system.

The third stochastic process is filament turnover that takes place at the rate of w!. The filament undergoing
turnover is placed back into the system immediately at random position with random orientation, and all the motors
and crosslinkers previously bound to it become free.

In order to include the effect of tube expansion, we introduce frictional asymmetry that has been proposed in the
previous study using active gel model [8]. Since our experimental data suggests that the formin actin nucleator protein
DAAM plays a key role to align the fused actin nanoclusters and actin stripes in the circumferential direction, we
assume that the friction asymmetry affects only actin filaments. Then, Eq. (S1) is separated to the spatial components
as

drt
£ fii, f,st £, f,cl ¢
717”: = f;’; + f 7?; + f ﬂc-w + é-f,i,:m (Sla)
drt
£ fiy _ efstr f,m £,cl ¢
Yy~ I riw T T ey S (S1b)

where 'y?‘; /7L measures the friction asymmetry. ’yzf/ /7 =1 corresponds to the symmetric case.

The set of time-evolution equations is solved numerically in the following manner; First, we calculate the turnover
of the filaments, motors, and crosslinkers, and the position of the motor ABD is updated by solving Eq. (S4) with the
Euler method. Then, Egs. (S1)—(S3) are solved by using the fourth-order Runge-Kutta method. In both cases, the
time increment is set to dt = 5 x 107°. The simulation results are visualized by using OVITO Pro [9].

1II. PARAMETER VALUES

The simulation parameters for the filaments, motors, and crosslinkers are set as summarized in Table S1, unless
otherwise stated. Some of the parameters are compared with existing experimental measurements. We consider the
dynamics in the membrane vicinity where the diffusion coefficient is about ten times smaller than that in bulk [13],
and thus the effective cytosolic viscosity 7jcyto in the membrane vicinity is assumed about 10 times larger than in
the bulk. Therefore, we set 7ncyto = 107! Pa - sec which is larger than the measured cytosolic viscosity 1073-107!
Pa - sec [14]. The simulation box is set as 3 um x 3 um with periodic boundary conditions in both directions.



TABLE S1. The summary of the simulation parameters. The ones indicated in bold font are the input parameters of the
simulation.

symbols in silico in vivo/in vitro references
Cytosol
thermal energy kT 4.142 x 1073 pN pm at 300 K
cytosolic viscosity Neyto 1 Pa - sec
Filament (actin)
number of filaments  N' 4500 - (estimated)
diameter d* 0.01 pm 0.009 pm 2]
rest length LY 0.1 pm ~ 0.1 pm (estimated)
elastic modulus rESET 10 pN
Young’s modulus B = g5 (n(5d5)?) ~ 1.27 x 10° Pa 2 x 10° Pa [10]
turn over rate wf 0.1 sec™!

Motors (non-muscle myosin II filaments)

number of motors N™ 900 -
diameter ™ 0.01 pm ~ 0.01-0.03 pm (3]
rest length Ly 0.2 pm ~ 0.2-0.3 pm 3]
stretching modulus RS 10 pN

Young’s modulus Bt = gt/ (n(2d™Y)?)  ~ 1.27 x 10° Pa
bending rigidity mopend 0.1 pN ym

persistence length gmsbend - — pm,bendgm /o o ~ 2.4 pm
walk force [k 0.05 pN < a few pN (stall force) [11]
sliding friction ¢ 0.1 pNsec /pum =< 0.1pNsec /um [12]
turn over rate w™ 0.01 sec™*

Crosslinkers (a-actinin)

number of crosslinkers N°¢ 6750 -
diameter d 0.01 pm ~ 0.006 pm [4]
rest length L 0.035 pum 0.036 pm [4]
stretching modulus oSt 10 pN

Young’s modulus B = g ((Ld)?) ~ 1.27 x 10° Pa
bending rigidity febbend 0.57 pN pm

persistence length gebbend  — pelbendpel jop o ~ 24.1 pm
turn over rate we! 0.01 sec™?

III. STEADY-STATE SOLUTIONS

We start the simulation from the initial condition where filaments are randomly placed with random orientation, to
which motors and crosslinkers bind randomly following the binding rules. After relaxation that takes about 30-60 sec,
we obtained steady-state solutions. By changing parameters including the number of motors and crosslinkers as well
as the friction asymmetry, we found that the actin nanoclusters are formed under the existence of sufficient number of
crosslinkers without friction asymmetry (Fig.4b). In contrast, actin stripes, which correspond to the regularly-spaced
actin cables found in the experiment, are obtained under the existence of friction asymmetry and sufficient number
of motors. See also Supplementary Movie 4. We discuss how these structures are organized in more detail in this
section.

II1.1. Actin nanoclusters

First, we consider the simplest case with filaments and crosslinkers in the absence of friction asymmetry, in which
the actin nanoclusters are formed. One key component for the actin nanocluster formation is the crosslinkers. In
fact, if the number of crosslinkers is sufficiently large (N°! = 6750), the filaments organize into clusters as shown in
Extended Data Fig. 6¢1. See also the snapshots in Fig. 4b in the main text and Supplementary Movie 4. The size of
these clusters is about 200-300 nm, which is comparable to the actin nanoclusters observed in the experiment (Fig. 4c



in the main text and Extended Data Fig. 6b). If the number of crosslinkers is small, however, the filaments do not
form nanoclusters but are distributed randomly.

This brings us to a question whether these nanoclusters are also formed under the existence of motors. To check
this point, we perform a simulation with a finite number of motors (Extended Data Fig. 6¢2). When the number of
motors is small (N™ = 100), the nanoclusters are still observed. For a large number of motors (N™ = 900), however,
the filaments form a labyrinth pattern. From these, we conclude that the motors are not necessary for the nanocluster
formation. A small number of motors do not alter the structure, while too many of them change the pattern to a
labyrinth.

To further investigate which factor is important for the cluster formation, we focus on the case without motors
and vary the length and turnover rate of the crosslinkers as well as those of the filaments. If the turnover rate of
the crosslinkers is low (w = 0.001 and 0.01), the filaments organized into nanoclusters (Extended Data Fig. 6¢3).
In contrast, for a high turnover rate of the crosslinkers (w® = 0.03), no clear clusters are observed and the filaments
are distributed randomly. These results indicate that the crosslinkers play an important role in the clustering of
filaments. That is, the crosslinkers connect the filaments and tend to keep them close to each other, leading to the
effective attraction of filaments. However, this effective attraction of filaments reduces as the crosslinker turnover rate
increases, resulting in the random distribution of filaments.

In the case of a rapid filament turnover (w' = 0.5), the filament distribution becomes rather uniform (Extended
Data Fig. 6¢4). As the filament turnover rate decreases, however, nanoclusters appear (wf = 0.1). Further decreasing
w! makes the nanocluster structure more compact and the number of the clusters decreases, leaving a clear larger
space void of filaments between clusters (wf = 0.01). See also Extended Data Fig. 6e and Supplementary Table
7. These results suggest that the filament turnover enhances the effective filament diffusion, which acts against the
effective attraction to control the distance between the clusters.

We next consider the role of the length of the filaments and crosslinkers. On the one hand, as the crosslinker length
increases, the clusters become loose (Extended Data Fig. 6¢5 LS = 0.04), and eventually no clear clusters are observed
(L& = 0.06). This suggests that the short length of the crosslinkers is essential to keep the filaments close enough
to each other. On the other hand, if the filament length is decreased, we still observe clustering of the filaments
(Extended Data Fig. 6¢6 L = 0.075). This result seems counterintuitive as the ratio of the crosslinker length with
respect to the filament length becomes large in the case of short filaments. Since the number of filaments is kept
constant, however, the total length of the filaments, i.e. the total amount of actin in the system also decreases with
the filament length. This is the reason why the clusters are still observed in the case of short filaments (Extended
Data Fig. 6¢6 Lf = 0.075). This also explains the result of the long filaments, where the clusters start to connect to
each other (Lf = 0.125).

In summary, filaments and a sufficient number of crosslinkers self-organize into nanoclusters in the absence or
under the existence of a small number of motors. The results suggest that the clusters are caused by the competition
between the effective attraction of the filaments due to the crosslinkers and the effective diffusion of the filaments.
The sufficient effective attraction between the filaments connected by crosslinkers enables the filaments being further
connected by other crosslinkers if there are more filaments and free crosslinkers in the neighbour. Therefore, a small
number of crosslinkers, or high turnover rate of the crosslinkers, both of which decrease the effective attraction, result
in a random or uniform filament distribution without any clear pattern. The effective filament diffusion controls the
distance between the clusters. A high filament turnover rate enhances the effective diffusion, which disperses the
filaments, leaving no cluster pattern. The length of the crosslinkers and the filament density are also important to
make the clusters compact and well separated from each other. Finally, a small number of motors does not strongly
affect the cluster pattern, although too many of them changes the structure to a labyrinth pattern.

ITI.2. Actin stripes

Here, we focus on the formation of the stripe pattern.

We start from the labyrinth pattern that appears from the filaments mixed with sufficient number of crosslinkers
and motors (Extended Data Fig. 6¢2 N™ = 900). The labyrinth pattern is a connected structure consisting of
actin filaments, crosslinkers and motors without any specific direction, whereas the stripe pattern is extended in the
circumferential direction. To provide the external cue, we include friction asymmetry that affects only the filaments
following the previous study [8]. The results explained in the previous section III.1 correspond to the case where the
friction asymmetry fy; /7L is unity. As the friction asymmetry 725 /7L increases from unity, the connected structure of
filaments tends to align in the direction of higher friction (Extended Data Fig. 6d1). For ’y; /7L > 1.5, we obtained a
stripe pattern.

Next, we study the effect of the motors on the stripe pattern formation under the existence of friction asymmetry.
Starting from the stripe pattern, we first decrease the number of motors. Then, the connection of the pattern gets



worse (Extended Data Fig. 6d2 N™ = 300). By further decreasing the number of motors, the stripe pattern eventually
disappears, leaving many discrete clusters that are slightly elongated in the higher friction direction (N™ = 100 and
0). See also Figs. 4b (2-M) and 4c and Supplementary Movie 4.

To make more clear the role of the motors, we change the motor walk force. When the motor walk force is absent,
the filaments exhibit a connected structure without clear directionality, i.e. a labyrinth pattern (Extended Data
Fig. 6d3 f%* = 0). As the motor activity increases, the structure aligns in the higher friction direction, leading to
a stripe pattern (f"&% = 0.001 and 0.005). Further increasing motor walk force, the structure become loose and no
clear pattern is observed (f"** = 0.05). This is probably because the higher motor walk force adds more energy
to the system and enhances the effective diffusion of the filaments, which makes it more difficult to maintain the
self-organized structure.

These results suggest that, in the absence of motors or under the existence of small number of motors, the filaments
and crosslinkers organize into nanoclusters, which react to the friction asymmetry and tend to elongate in the higher
friction direction. Then, as the number of motors increases, these nanoclusters are connected by motors and eventually
the pattern becomes stripes aligned in the higher friction direction. This leads to a question whether the stripe pattern
appears in the presence of motors and friction asymmetry for the parameter region where the filaments fail to form
clusters in the absence of the motors and friction asymmetry. To answer this question, we vary the turnover rate and
the length of filaments and crosslinkers, which influence the cluster formation in the absence of motors.

First, we change the turnover rate of crosslinkers and filaments starting from the stripe pattern for w® = 0.01 and
w! =0.1. (Extended Data Figs. 6d4 and 6d5). On the one hand, for a high turnover rate of crosslinkers or filaments,
where no clusters are observed in the absence of friction asymmetry, filaments distribute randomly (Extended Data
Fig. 6d4 w! = 0.02 and Extended Data Fig. 6d5 w' = 0.2). On the other hand, by decreasing w, the stripe pattern
becomes more compact in width (w® = 0.005), and by further decreasing w®!, the connection of the pattern gets worse
(w' = 0.001). For a lower filament turnover rate, the filaments exhibit a compact stripe pattern (w' = 0.05). For a
very low turnover rate (w' = 0.01), the filaments form clusters.

Next, we consider the impact of the length of filaments and crosslinkers on the stripe pattern formation. When
the length of crosslinkers or filaments are increased, the stripe structure becomes loose (Extended Data Figs. 6d6
and 6d7). For a shorter filament length, however, the stripe structure gets more compact (Extended Data Fig. 6d6
L = 0.075). For very short filaments, many small clusters are formed that are connected by motors (Extended Data
Fig. 6d7 Lf = 0.05). This is probably due to the decrease in filament density, i.e. the decrease in the total amount
of actin molecules. In contrast, for a shorter crosslinker length, the stripe structure again becomes loose (Extended
Data Fig. 6d6 L§' = 0.03). This may be because the crosslinkers are now too short to connect filaments.

To summarize, the actin nanoclusters, that appear as a result of the competition between the effective diffusion
and the effective attraction acting between the filaments due to crosslinkers, react to the friction asymmetry and tend
to elongate in the higher friction direction. Then, the motors connect these elongated actin nanoclusters and form
stripes that align in the direction of higher friction. Therefore, the motors and the friction asymmetry are essential
for the transition from the clusters to the stripe pattern. In fact, in the absence of the friction asymmetry but in
the presence of motors, the structure loses preferred direction and the labyrinth pattern appears. In the absence
or under the existence of small number of motors, the filaments form discrete clusters. In addition, the balance
between the effective attraction of filaments due to crosslinkers and their effective diffusion is important for the stripe
formation. On the one hand, on the conditions where the filaments fail to form clusters in the absence of motors and
friction asymmetry, the stripe pattern is not obtained even in the presence of motors and friction asymmetry. On the
other hand, for the parameters where the filaments form very compact clusters in the absence of motors and friction
asymmetry, the clusters still remain in the presence of motors and friction asymmetry, and the transition to the stripe
pattern does not occur.
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