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I. Methods 

A. Mass action chemical kinetics model 

We quantified the concentration of the F-actin interfaces and their states (bound or 

unbound) using a mass action chemical kinetics model. Each F-actin monomer has 3 interfaces: 

the plus site (Fp), the minus site (Fm), and the binding site (Fc). The change of the concentration of 

plus sites bound to minus sites over time (
𝑑[𝐹𝑝⋅𝐹𝑚]

𝑑𝑡
) is given by the rate of polymerization at both 

ends, from which is subtracted the rate of depolymerization at both ends (Equation A). The 

polymerization rate on the plus end is proportional to the G-actin concentration ([G]), the 

concentration of unbound plus sites ([Fp]), and the rate constant for the polymerization on the plus 

end (kp
+). The polymerization rate on the minus end is also proportional to the G-actin 

concentration ([G]), the concentration of unbound minus sites ([Fm]), and the rate constant for the 

polymerization on the minus end (km
+). The depolymerization rates do not depend on the G-actin 

concentration ([G]), only on the concentration of unbound plus or minus sites and on the respective 

rate constant (kp
-, km

-). Free G-actin monomers ([G]) are consumed during the polymerization, so 

the change of G-actin concentration over time is the negative of the change of the concentration of 

plus sites bound to minus sites over time.  

𝑑[𝐹𝑝 ⋅ 𝐹𝑚]

𝑑𝑡
= −

𝑑[𝐺]

𝑑𝑡
= 𝑘𝑝

+[𝐹𝑝][𝐺] + 𝑘𝑚
+ [𝐹𝑚][𝐺] − 𝑘𝑝

−[𝐹𝑝] − 𝑘𝑚
− [𝐹𝑚] 

Equation A 

The change of the concentration of unbound plus sites over time (
𝑑[𝐹𝑝]

𝑑𝑡
) is given by the rate 

of creation of new filaments by branching, from which is subtracted the rate of destruction by 

unbranching (Equation B). The rate of creation of new filaments by branching is proportional to 

the concentration of unbound binding sites ([Fc]), the concentration of unbound minus sites ([Fm]), 

the concentration of unbound branchers ([B]), and the brancher binding rate constant (kB
+). The 

rate of destruction of filaments by unbranching is proportional to the concentration of bound 

branchers ([Fc ⋅ B ⋅ Fm]), and the brancher unbinding rate constant (kB
-).  
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𝑑[𝐹𝑝]

𝑑𝑡
= 𝑘𝐵

+[𝐹𝑐][𝐺][𝐵] − 𝑘𝐵
−[𝐹𝑐 ⋅ 𝐵 ⋅ 𝐹𝑚] Equation B 

On the other hand, since the branching reaction does not create new unbound minus sites 

(Fm), the concentration of unbound minus sites ([Fm]) is constant over time (Equation C). We did 

not include the actin filament nucleation or destruction processes in the chemical kinetics model. 

𝑑[𝐹𝑚]

𝑑𝑡
= 0 Equation C 

The change of the concentration of bound branchers over time (
𝑑[𝐹𝑐⋅𝐵⋅𝐹𝑚]

𝑑𝑡
) is proportional 

to the creation rate of filaments by branching and is also the negative of the change in brancher 

concentration over time (
𝑑[𝐵]

𝑑𝑡
) (Equation D).  

𝑑[𝐹𝑐 ⋅ 𝐵 ⋅ 𝐹𝑚]

𝑑𝑡
= −

𝑑[𝐵]

𝑑𝑡
= 𝑘𝐵

+[𝐹𝑐][𝐺][𝐵] − 𝑘𝐵
−[𝐹𝑐 ⋅ 𝐵 ⋅ 𝐹𝑚] Equation D 

Unless stated otherwise, the linker binding reaction occurs in a single step and the change 

in unbound linker concentrations over time (
𝑑[𝐿]

𝑑𝑡
) is given by the linker unbinding rate, from which 

is subtracted the linker binding rate. The linker unbinding rate is proportional to the concentration 

of bound linkers ([c ⋅ L ⋅ c]) and the linker unbinding rate constant (kc
-). The linker binding rate is 

proportional to the concentration of unbound linkers ([L]), the square of the concentration of free 

binding sites ([Fc]), the linker binding rate constant (kc
+,) and the spatial factor for the linker 

binding reaction (αL). The change of the concentration of bound linker over time (
𝑑[𝑐⋅𝐿⋅𝑐]

𝑑𝑡
) is the 

negative of the concentration of unbound linkers (Equation E).  

𝑑[𝐿]

𝑑𝑡
= −

𝑑[𝑐 ⋅ 𝐿 ⋅ 𝑐]

𝑑𝑡
= −𝛼𝐿𝑘𝐶

+[𝐹𝑐]2[𝐿] + 𝑘𝐶
−[𝑐 ⋅ 𝐿 ⋅ 𝑐] Equation E 

The change of the unbound motor concentration over time (
𝑑[𝑀]

𝑑𝑡
) is given by the motor 

unbinding rate, subtracted by the motor binding rate. The motor unbinding rate is proportional to 
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the concentration of bound motors ([c ⋅ M ⋅ c]) and the motor unbinding rate constant (kM
-). The 

motor binding rate is proportional to the concentration of unbound motors ([M]), the square of the 

concentration of free binding sites ([Fc]), the motor binding rate constant (kM
+), and the spatial 

factor for the motor binding reaction (αM). The change of the concentration of bound motor over 

time (
𝑑[𝑐⋅𝑀⋅𝑐]

𝑑𝑡
) is the negative of the concentration of unbound motors (Equation F).  

𝑑[𝑀]

𝑑𝑡
= −

𝑑[𝑐 ⋅ 𝑀 ⋅ 𝑐]

𝑑𝑡
= −𝛼𝑀𝑘𝑀

+ [𝐹𝑐]2[𝑀] + 𝑘𝑀
− [𝑐 ⋅ 𝑀 ⋅ 𝑐] Equation F 

Finally, the change of the concentration of free binding sites over time (
𝑑[𝐹𝑐]

𝑑𝑡
) increases due 

to actin polymerization and decreases when the motor, linker, or brancher binds to a binding site 

(Equation G). A single free binding site becomes bound during the branching reaction, while two 

free actin binding sites become bound during the linker and motor binding reactions. 

𝑑[𝐹𝑐]

𝑑𝑡
= 𝜒𝑘𝑝

+[𝐹𝑝][𝐺] − 𝜒𝑘𝑝
−[𝐹𝑝] + 𝜒𝑘𝑚

+ [𝐹𝑚][𝐺] − 𝜒𝑘𝑚
− [𝐹𝑚] 

−𝑘𝐵
+[𝐹𝑐][𝐺][𝐵] + 𝑘𝐵

−[𝐹𝑐 ⋅ 𝐵 ⋅ 𝐹𝑚] 

−2𝛼𝐶𝑘𝐶
+[𝐹𝑐]2[𝐿] + 2𝑘𝐶

−[𝐹𝑐 ⋅ 𝐿 ⋅ 𝐹𝑐] 

−2𝛼𝑀𝑘𝑀
+ [𝐹𝑐]2[𝑀] + 2𝑘𝑀

− [𝐹𝑐 ⋅ 𝑀 ⋅ 𝐹𝑐] 

 

Equation G 

This set of ordinary differential equations is based on the reactions of the Mechanochemical 

Dynamics of Active Networks (MEDYAN) model [1–6], developed by Papoian and his group (see 

section E of the supplementary information for more details). To make our set of equations 

comparable with the kinetic scheme of the MEDYAN model, we made the estimate that there is 

only one binding site for every 10 monomers, so unless stated otherwise 𝜒 = 0.1. The spatial factor 

is defined as the probability that two actin binding sites are within the search distance in a 

homogeneous mixture.  
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Table A. Parameters used in the chemical kinetic model 

Description Constant Value Units 

Polymerization rate coefficient on the 

plus end 𝑘𝑝
+ 11.6 µM−1s−1   

Depolymerization rate coefficient on 

the plus end 𝑘𝑝
− 1.4 s−1  

Polymerization rate coefficient on the 

minus end 𝑘𝑚
+  1.3 µM−1s−1 

Depolymerization rate coefficient on 

the plus end 𝑘𝑚
−  0.8 𝑠−1 

Linker binding rate coefficient 𝑘𝐶
+ 0.7 µM−1s−1 

Linker unbinding rate coefficient 𝑘𝐶
− 0.3 𝑠−1 

Motor binding rate coefficient 𝑘𝑀
+  0.7 µM−1s−1 

Motor unbinding rate coefficient 𝑘𝑀
−  1.7 𝑠−1 

Brancher binding rate coefficient 𝑘𝐵
+ 0.0001 µM−2s−1   

Brancher unbinding rate coefficient 𝑘𝐵
− 1 × 10−10 𝑠−1 

Linker minimum search distance  𝑑𝐶
𝑚𝑖𝑛 30 𝑛𝑚 

Linker maximum search distance 𝑑𝐶
𝑚𝑎𝑥 40 𝑛𝑚 

Motor minimum search distance 𝑑𝑀
𝑚𝑖𝑛 175 𝑛𝑚 

Motor maximum search distance 𝑑𝑀
𝑚𝑎𝑥 225 𝑛𝑚 
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B. The two-step model for the linker binding reaction 

The affinity of the actin-binding proteins to single filaments has been shown to be 

important for domain separation of crosslinkers in experiments [7,8]. To reflect these experimental 

findings, we studied an alternative chemical kinetic model for linker binding. In this alternative 

model, each head of the linker binds an actin filament independently with the same binding affinity 

without cooperativity. We only included the polymerization, the depolymerization reactions, the 

linker binding, and the unbinding reactions (Table B). 

Table B. Reactions included in the two-step chemical kinetic model for linker binding 

REACTION DESCRIPTION 

𝑭𝒑 + 𝑮
𝒌𝒑

−
⇄
𝒌𝒑

+

𝑭𝒑 ⋅ 𝑭𝒎 + 𝑭𝒑 + 𝑭𝒄 
Actin polymerization and depolymerization at plus end 

𝑭𝒎 + 𝑮
𝒌𝒎

−
⇄
𝒌𝒎

+

𝑭𝒑 ⋅ 𝑭𝒎 + 𝑭𝒎 + 𝑭𝒄 
Actin polymerization and depolymerization at minus end 

𝑭𝒄 + 𝑳
𝒌𝑪

−
⇄

𝟐𝒌𝑪
+

𝑭𝒄 ⋅ 𝑳 
Linker binding and unbinding 

𝑭𝒄 ⋅ 𝑳 + 𝑭𝒄
𝒌𝑪

−
⇄
𝒌𝑪

+

𝑭𝒄 ⋅ 𝑳 ⋅ 𝑭𝒄 
Crosslinker formation and dissociation 

In this model, the concentrations of the unbound plus sites (Fp) , the unbound minus sites 

(Fm), the plus sites bound to minus sites (Fp.Fm), and unbound G-actin (G) follow the Equation C, 

Equation A, and Equation B respectively assuming there is no brancher present. The concentration 

of free binding sites (Fc) is shown in Equation H. 

𝑑[𝐹𝑐]

𝑑𝑡
= −2 𝑘𝑐

+[𝐹𝑐][𝐿] − 𝑘𝑐
+[𝐹𝑐  ⋅ 𝐿][𝐹𝑐] +  𝑘𝑐

−[𝐹𝑐  ⋅ 𝐿] + 𝑘𝑐
−[𝐹𝑐  ⋅ 𝐿 ⋅ 𝐹𝑐]

+ 𝑘𝑝
+[𝐹𝑝][𝐺]  + 𝑘𝑚

+ [𝐹𝑚][𝐺] − 𝑘𝑝
−[𝐹𝑝] −  𝑘𝑚

− [𝐹𝑚] 

Equation H 
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The concentration of linkers in the different states: unbound (L), single bound (Fc ⋅ L), and 

double bound (Fc ⋅ L ⋅ Fc), are shown in Equation I, Equation J, and Equation K respectively. 

𝑑[𝐿]

𝑑𝑡
= −2 𝑘𝑐

+[𝐹𝑐][𝐿] + 𝑘𝑐
−[𝐹𝑐  ⋅ 𝐿] Equation I 

𝑑[𝐹𝑐 ⋅ 𝐿]

𝑑𝑡
= 2 𝑘𝑐

+[𝐹𝑐][𝐿] − 𝑘𝑐
+[𝐹𝑐  ⋅ 𝐿][𝐹𝑐] −  𝑘𝑐

−[𝐹𝑐  ⋅ 𝐿] + 𝑘𝑐
−[𝐹𝑐  ⋅ 𝐿 ⋅ 𝐹𝑐] Equation J 

𝑑[𝐹𝑐 ⋅ 𝐿 ⋅ 𝐹𝑐]

𝑑𝑡
= 𝑘𝑐

+[𝐹𝑐  ⋅ 𝐿][𝐹𝑐] −  𝑘𝑐
−[𝐹𝑐  ⋅ 𝐿 ⋅ 𝐹𝑐] Equation K 

C. Probability that an F-actin monomer is not connected to an infinite cluster 

(Ps) 

The probability that an F-actin monomer is not connected to an infinite cluster through the 

site α (Qα), is the sum of two terms. The first term is the probability of the site not being connected 

to another site (1 - θα). The second term is the probability that the site is connected to another F-

actin monomer, with the condition that the neighboring bound F-actin monomer is not connected 

to an infinite cluster (Equation L).  

𝑄𝛼 = 1 − 𝜃𝛼 + ∑
𝜃𝛼→𝛽 

𝑄𝛽
𝛽

∏ 𝑄𝛾

𝛾

 Equation L 

In this equation 𝜃𝛼 = ∑ 𝜃𝛼→𝛽𝛽 , and α, β, and γ can be the plus site (p), the minus site (m), 

or the actin binding site (c). The probability that an F-actin monomer is not connected to an infinite 

cluster through any site (Ps) is the product of the probabilities of the F-actin monomer not being 

bound to an infinite cluster from each site (Qα). (Equation M). 

𝑃𝑠 = ∏ 𝑄𝛼

𝛼

 Equation M 
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  In this equation 𝛼 can be the plus site (p), the minus site (m), or the binding site (c). 

The system of equations given by Equation M has a trivial solution when Qp = Qm = Qc = 1, which 

is the only solution when Ps=1 and the system is not percolated. This system can be solved exactly 

to calculate the fraction of actin monomers in finite clusters given the connectivity probabilities 

(𝜃𝛼) (Figure A). 

 

Figure A. Fraction of actin monomers in finite clusters (Ps) as a function of the crosslinking 

probabilities between plus and minus sites (θp→m), binding sites (θc→c), and binding sites to minus 

sites (θc→m). The color indicates the probability that an F-actin monomer is in a finite cluster. 
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Figure B. Rigidity percolation boundaries as a function of the crosslinking probabilities 

between plus and minus sites (θp→m), binding sites (θc→c), binding sites and minus sites (θc→m), 

and the rigidity of the crosslinkers (bc→c). We assume that the connections between plus and minus 

sites, as well as the connections between binding sites and minus sites are rigid (bp→m = bc→m = 6) 

 

D. Analytical solution of the Flory-Stockmayer equations for a system without 

branchers  

We solved analytically the Flory-Stockmayer equations for a system where there is only 

actin and bivalent crosslinkers, like α-actinin or filamin. For this system, we calculated the 
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minimum concentration of linkers needed to percolate the system as a function of the connectivity 

probabilities (θα→β). The probability of an actin monomer to be in a finite cluster is calculated by 

𝑃𝑠 = ∏ 𝑄𝛼𝛼 , as shown in Equation M, where 𝛼 can be the plus site (p), the minus site (m) or a 

binding site (c). 𝑄 is the probability that a site is not connected to an infinite cluster, as shown in 

Equation L. The analytical solution for Q for this system can be expressed by the following set of 

equations: 

𝑄𝑝 = 1 − 𝜃𝑝→𝑚 + 𝜃𝑝→𝑚𝑄𝑝𝑄𝑐 

𝑄𝑚 = 1 − 𝜃𝑚→𝑝 + 𝜃𝑚→𝑝𝑄𝑚𝑄𝑐 

𝑄𝑐 = 1 − 𝜃𝑐→𝑐 + 𝜃𝑐→𝑐𝑄𝑝𝑄𝑚 

In this system all connected minus sites are bound to plus sites. Then θp = θp→m = θm→p = 

θm = θa, where we define θa as the probability of an F-actin minus site or plus site to be bound. We 

also define θc = θc→c as the probability that an F-actin binding site is bound. The previous system 

of equations can be reduced to the following set of equations. 

𝑄𝑝 = 1 − 𝜃𝑎 + 𝜃𝑎𝑄𝑝𝑄𝑐 

𝑄𝑚 = 1 − 𝜃𝑎 + 𝜃𝑎𝑄𝑚𝑄𝑐 

𝑄𝑐 = 1 − 𝜃𝑐 + 𝜃𝑐𝑄𝑝𝑄𝑚 

This set of equations has two solutions: a trivial solution Qc = Qp = Qm = 1, and a non-

trivial solution as shown below. 

𝑄𝑐 =
1

𝜃𝑎
−

𝜃𝑐

2
− √

𝜃𝑐  (4 − 4𝜃𝑎 + 𝜃𝑎𝜃𝑐)

4𝜃𝑎
 

𝑄𝑝 = 𝑄𝑚 = √
 (4 − 4𝜃𝑎 + 𝜃𝑎𝜃𝑐)

4𝜃𝑎𝜃𝑐
−

1

2
 

The system percolates when 𝑃𝑠 = ∏ 𝑄𝛼𝛼 < 1, which occurs when: 
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𝜃𝑐 =  
1 − 𝜃𝑎

2𝜃𝑎
 

The average length of the filament (〈L〉) is related to θa by the following equation: 

〈𝐿〉 =
1

1 − 𝜃𝑎
 

This equation shows that the percolation of the actomyosin network requires crosslinking. 

If the actin does not polymerize (θa = 0), all F-actin monomers need to be crosslinked for the 

system to be percolated (θc = 1). As the degree of polymerization increases, the length of the 

filament decreases and less crosslinkers are required to percolate the system. The proportion of 

crosslinkers required to percolate the network decreases hyperbolically as the length of the 

filament increases (Figure C). 

 

Figure C.  Minimum crosslinking probability (θc) needed to percolate a system containing 

only linkers as a function of the average filament length (〈L〉)  
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E. Coarse-grained mechanochemical model of actomyosin systems (MEDYAN) 

We have used a coarse-grained mechanochemical model of actomyosin systems called 

MEDYAN (Mechanochemical Dynamics of Active Networks) developed by Papoian and his 

group [1–4,6]. MEDYAN models both stochastic chemical reactions and deterministic mechanical 

representations of far-from-equilibrium systems. In this study, we have included some important 

actin-binding proteins in actomyosin networks: non-muscle myosin IIA heavy chain (NMIIA) 

motors, α-actinin linkers, and actin-related protein complex 2/3 (Arp2/3) branchers, all in a fixed 

geometry.   

MEDYAN represents actin filaments, linkers, motors, and branchers mechanically. For 

example, the actin filaments in MEDYAN are modeled as stretchable and bendable rods that have 

repulsive interactions with other filaments and the boundary. In our simulations a motor mini 

filament is an ensemble of, on average, 22.5 NMIIA subunits. MEDYAN simulations model 

chemical reactions stochastically using reaction-diffusion equations. Our MEDYAN simulations 

employ eight different compartments therefore allowing us to consider heterogeneous distributions 

of chemical species. Lastly, MEDYAN simulations consider mechanochemical feedback between 

the mechanical representations and the chemical reactions in the system. For example, the 

unbinding reaction of motors is modeled using a catch bond; hence motors are more likely to stay 

bound to a filament when pulling forces are applied to the motor. 

We simulated a system containing 15000 actin monomers, 300 branchers, 333 motor mini-

filaments, and 1500 linkers in a 1μm3 cubic box, which corresponds to an actin concentration of 

25μM, a linker concentration of 2.5 μM, a motor concentration of 12.5 μM, and a brancher 

concentration of 0.5 μM. The branchers were introduced after 1 second. The parameters for the 

simulations are the same as the ones shown in Table A. The simulations were run with and without 
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branchers. Sample snapshots of the simulation are shown in Figure D. We followed the same 

procedure as described by in our previous work [5]. We compared the concentration of bound 

species to the concentration of bound species found in the chemical kinetic model. To compare the 

discrete snapshots of MEDYAN to the continuum chemical kinetic model, we ran 5 different 

simulations with different snapshot intervals, each 0.001s, 0.01s, 0.1s, 1s, and 10s, and interpolated 

the obtained data using a linear interpolation with the closest snapshots to obtain a mean 

MEDYAN concentration. G-actin monomers, F-actin filaments, α-actinin linkers, NMIIA motors, 

and Arp2/3 branchers were initially distributed randomly inside a cubic container. All MEDYAN 

simulations were enclosed in a 1 μm × 1 μm × 1 μm container with 25 µM of actin in total as 

described in our previous work [5].  

 

Figure D. Typical snapshot of MEDYAN simulation of an unbranched network simulation 

(A) and a branched network simulation (B). Blue cylinders represent actin filaments, green 

cylinders represent motor mini-filaments, cyan cylinders represent crosslinkers, white beads 

represent the minus end, black beads represent the plus end, and orange beads represent branchers. 
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