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Supplemental Information 1	

 2	

Supplemental Movie 3	

 4	

Movie S1: 3D coarse-grained simulations of the contractile actomyosin ring. This movie shows (i) the 5	

elements and properties of our 3D coarse-grained model of the contractile ring, (ii) building the initial model, 6	

(iii) exploration of different actomyosin configurations, and (iv) final model that best agreed with 7	

experimental data. 8	

 9	

Movie link: http://lab.jensengroup.org/lam/sim/MovieS1.mp4 10	

  11	
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Supplemental Figures 12	

 13	

 14	

 15	

 16	
 17	

Figure S1: Histograms of straightness factors for simulated filaments show that straightness regulators were 18	

required to prevent filament bending, and the same result obtained even when the actin bending stiffness 𝑘"# 19	

was reduced three-fold. 20	
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 22	

Figure S2: Extended simulation results of model 1 with different parameters. (A) Without crosslinkers, nodes 23	

could constrict the membrane, but the ring was broken eventually. (B) Addition of crosslinkers maintained the 24	

ring integrity (left), but concentration of the constriction force on a limited number of nodes caused a 25	

puckering defect of the membrane (middle) and the leading edge of the septum (right). Zoomed-in view in the 26	

left panel shows how, as a consequence, F-actin makes a large angle with respect to the membrane. Puckers 27	

also formed when the concentrations of actin, myosin, and crosslinkers were reduced in half (C) or doubled 28	

(D), or the number of nodes increased from 64 to 140 (E).  29	
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 30	

 31	
Figure S3: Enlarged views and additional views of membrane defects due to the presence of nodes. (A) 32	

Simulation result of model 2. Breaking the nodes of unipolar myosin into pairs mitigated the membrane 33	

defect, although small puckers were still observed (arrows). Simulation results of (B) model 4 and (C) model 34	

13 show that tethering the ring to the membrane via a limited number of nodes again caused membrane 35	

puckering, and as a consequence, F-actin was often seen making a large angle with respect to the membrane 36	

(zoomed-in view). 37	
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 38	
 39	

Figure S4: Histograms of node circumferentially-sliding velocity of: (top) model 1, where both actin and 40	

unipolar myosins were attached to membrane-bound nodes, (middle) models 2, 3, and 4, where only actin 41	

filaments were attached to nodes, and (bottom) model 5, 9, and 13, where only unipolar myosins were 42	

attached to nodes.   43	
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 44	
Figure S5: Effect of reducing the mechanosensitivity on cell wall growth. As the minimal radial force on a 45	

membrane bead that induces cell wall growth was increased 100 times, cell wall growth was completely 46	

suppressed in model 7 where unipolar myosins were individually connected to the membrane (left), but 47	

membrane puckering still occurred in model 1 where actin filaments and unipolar myosins were connected to 48	

the membrane-bound nodes (right). 49	

50	
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 51	
Figure S6: Simulation results of model 13 (actin was not connected to the membrane and unipolar myosins 52	

were at nodes) without the rule that myosin could bind to actin only if the filament was crosslinked upstream. 53	

Puckers were obvious after 40 sec of the simulated time. 54	
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 56	

Figure S7: Enlarged views and additional views of model 3 (A), model 7 (B), model 11 (C), and model 15 57	

(D) after 80 sec of the simulated time. The homogeneous distribution of individual membrane-attached 58	

unipolar myosins helps maintain membrane smoothness and circularity, but F-actin was kept close to the 59	

membrane (zoomed-in views). 60	
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 62	

Figure S8: Enlarged views of simulation results of model 5 (A) and model 9 (B). The presence of nodes of 63	

unipolar myosin resulted in formation of large aggregates that distorted the membrane (right panels). 64	
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 65	
Figure S9: Enlarged views of simulation result of model 6 (A), model 10 (B), and model 14 (C). Unipolar 66	

myosin pairs aggregated into big clusters that distorted the membrane (right panels).  67	

  68	
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 69	
Figure S10: Simulation results at 60 sec of the simulated time at high myosin turnover rates (denoted by the 70	

numbers on the top of the panels). Even at a turnover rate > 40 times the experimental rate of 1/(14 sec) (see 71	

Fig. S11) myosin nodes (as in model 5) still aggregated (left). On the other hand, aggregation of myosin pairs 72	

(as in model 6) was mitigated at a turnover rate > 30 times the experimental rate (right). 73	
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Figure S11: Dynamic turnover of myosin components in the contractile ring. (A) Representative time-lapse 75	

images of fluorescence recovery after photobleaching in cells expressing Myo2-GFP (n=15), Cdc4-GFP 76	

(n=16) and Rlc1-GFP (n=14). (B) Quantification of fluorescence recovery with intensity normalized for 77	

photobleaching during acquisition. (C) Graphs representing the mobile fraction and (D) half-life of recovery, 78	

derived from single exponential fitting. All experiments were done in triplicates. Scale bar represents 2μm, 79	

and error bars indicate standard error of the mean. The experimental methods are described below.  80	
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 82	
 83	

Figure S12: Enlarge views and additional views of simulation results of model 8 after 120 sec of the 84	

simulated time. (left) A zoomed-in view shows that some actin filaments were pulled away from the 85	

membrane. (right) Myosin aggregated in the locations of actin plus ends. 86	
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 87	
 88	

Figure S13: Actin-membrane distances, each averaged over five simulations with error bars representing 89	

standard deviation. While actin filaments were seen at an average distance of 60 nm from the membrane in 90	

tomograms, those in simulations were much closer. In the presence of membrane-attached unipolar myosin 91	

(models 3, 7, 11, and 15), all F-actin was within 60 nm, but the presence of bipolar myosin (model 12) pulled 92	

some F-actin (~ 10%) away from the membrane.  93	
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 94	

 95	
 96	
Figure S14: Simulation setup to determine myosin bending stiffness: a unipolar myosin walked on an actin 97	

filament of 20 beads starting from the minus end. In this setup the myosin tail was anchored and the actin plus 98	

end was pulled by a force 𝐹 that was kept constant during each simulation. In the first set of simulations, 𝐹 99	

was set to be 3 pN if one myosin head was active while the other kept inert and 6 pN if both heads were 100	

active. Myosin’s bending stiffness 𝑘"' was then increased from 0.1 ∙ 10,-. J to 1.0 ∙ 10,-. J. Starting from 101	

𝑘"' = 0.5 ∙ 10,-. J, the myosin head could reach the actin plus end. In the second set of simulations 𝑘"' was 102	

set to be 0.5 ∙ 10,-. J while 𝐹 was varied from 1 pN to 10 pN. When a single myosin head was active, 103	

myosin stalled at 𝐹~3 − 4 pN, similar to the value reported experimentally (Finer et al., 1994). When both 104	

myosin heads were active, myosin stalled at 𝐹~6 − 7 pN. Based on these results, the bending stiffness was 105	

chosen to be 𝑘"' = 0.5 ∙ 10,-. J. For each set of parameters tested, simulations of 5 sec each were repeated 106	

four times.  107	
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 108	
Figure S15: (A) Schematic of actomyosin interaction: in our simulations, myosin only binds to F-actin if 𝜃 is 109	

less than 90∘. (B) Schematic of constraining four neighboring membrane beads to the same plane by two pairs 110	

of spring-like forces (arrows), one parallel and the other antiparallel to the distance vector d between the two 111	

diagonals. (C) The probability of crosslink release was a function of the angle 𝛼 between the crosslinked 112	

filaments. (D) The probability of cofilin severing an F-actin was a function of the angle 𝛼 between the tangent 113	

and the position vector from the barbed end. (E) The straightness of an actin filament was calculated as its 114	

end-to-end length divided by its contour length. 115	

116	
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Figure S16: Schematic of our compressible model of the membrane. In the absence of force on the "")!

membrane, the distance between the membrane center and cell wall is 9. Turgor pressure compresses the ""*!

membrane and its associated proteins resulting in an equilibrium distance :;. In our model, the constriction "#+!

force from the actomyosin ring relaxes this distance slightly to :, stimulating inward growth of the cell wall. "#"!

Note that for clarity, objects are not drawn to scale.  "##!
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 123	

 124	
Figure S17: Tangent correlation 〈𝑐𝑜𝑠𝜃〉 as a function of 𝐿/𝐿C where 𝜃 was the angle between the tangent 125	

vector at position 0 and the tangent vector at a distance 𝐿 along the filament, 𝐿C = 3.3 µm was the filament’s 126	

persistence length (which was reduced three times from the original value and corresponding to the bending 127	

stiffness 𝑘"# = 2.4 ∙ 10,-. J), and the theoretical tangent correlation function was 𝑒,F/FG . Simulations were 128	

run for 5 and 10 sec with different force constants 𝑘H for the random force. The average was calculated over 4 129	

simulations for each set of parameters. Error bars represent standard deviation.  130	
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 131	
Figure S18: Dependence of the myosin load-free velocity on the damping constant. Arrow indicates the value 132	

chosen in our simulations. Note that in our model, as mentioned in Methods/Myosin ATPase cycle, the upper 133	

bound for the myosin load-free velocity was set by the ATPase rates to be ~ 70 nm/s.  134	
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Supplemental Table 135	

 136	

Table S1: Myosin resident time in silico (turnover rate was defined as inverse of resident time). Simulations 137	

were run for each resident time of unbound myosins and then the average and standard error of the resultant 138	

total myosin’s resident time (bound and unbound) on the ring were calculated. Calculations were done after 60 139	

sec of the simulated time to allow several rounds of complete turnover. Values used in simulations that were 140	

used to produce figures are in bolds. Values in italics correspond to myosin resident times that were 141	

significantly shorter than our experimentally-measured value of 14 s (Fig. S11), and * indicates values that 142	

mitigated aggregation. 143	

 144	

 Resident time of unbound myosins (s) 
Resultant resident time of all myosins (s) 

averaged over of 2 simulation runs. 
Values in italics were from single runs. 

Model 1 2.8 
5.6 

8.95 ± 0.05 
15.95 ± 0.55 

Model 2 
1.0 
1.4 
2.8 

12.9 ± 0.9 
16.8 ± 0.8 
32.3 ± 1.9 

Model 3 7.0 
10.0 

10.3 ± 0.2 
15.25 ± 0.05 

Model 4 0.2 
0.6 

12.3 ± 0.5 
21.9 ± 1.7 

Model 5 2.8 
5.6 

7.15 ± 0.05 
14.4 ± 0.2 

Model 6 

1.0 
1.5 
2.0 
0.5 
0.2 
0.1* 

8.9 ± 0.4 
14.55 ± 0.05 
19.0 ± 1.2 

3.9 
1.2 
0.4* 

Model 7 2.8 
7.0 

5.45 ± 0.15 
13.6 ± 0.4 

Model 8 
0.5 
1.0 
1.5 

14.25 ± 0.05 
22.6 ± 0.1 
28.1 ± 0.5 

Model 9 2.8 
5.6 

6.95 ± 0.05 
12.8 ± 0.4 

Model 10 

1.4 
2.8 
1.0 
0.5 
0.2* 

9.0 ± 0.2 
18.2 ± 1.5 

7.3 
3.2 
1.1* 

Model 11 5.6 
8.0 

9.25 ± 0.05 
13.2 ± 0.3 
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Model 12 
0.25 
0.5 
1.0 

8.65 ± 0.05 
13.3 ± 0.2 
23.7 ± 0.3 

Model 13 2.8 
10.0 

5.75 ± 0.05 
19.2 ± 0.9 

Model 14 

1.4 
2.8 
0.5 
0.2 
0.1* 

9.2 ± 0.4 
18.4 ± 0.3 

3.2 
1.0 

0.23* 

Model 15 2.8 
7.0 

4.75 ± 0.05 
12.9 ± 0.6 

Final model 1.4 
5.6 

4.4 ± 0.2 
15.7 ± 0.8 

  145	
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Table S2: Summary of key parameters used in simulations 146	

 147	

Parameters Justification 

Actin spring’s relaxed length (covering two actin 

monomers) 𝑙# = 5.5 nm 

 

Dominguez and Holmes, 2011 

Actin spring constant 𝑘# = 𝐸𝐴/𝑙# = 10 nN/nm 

(estimating 𝐴~30 nm2)  
𝐸 = 1.8 nN/nm2 (Kojima et al., 1994) 

Actin bending stiffness 𝑘"# = 𝑘N𝑇𝐿P/𝑙#~7.4 ∙ 10,-. 

J 

To reduce computational cost, a value of 2.4 ∙ 10,-. 

J was used in Exploration of models 

𝐿P~10 µm (Isambert et al., 1995) 

Myosin spring’s relaxed length 𝑙' = 10 nm Chosen to represent a segment of 10 nm 

Myosin spring constant 𝑘' = 1 nN/nm Arbitrarily chosen to be 10 times smaller than 𝑘# 

Myosin bending stiffness 𝑘"' = 0.5 ∙ 10,-. J Arbitrarily chosen to be ~10 times smaller than 𝑘"# 

Myosin ATPase rates: 

ATP-bound to {ADP and hydrolyzed 𝑃S}-bound: 

25/s 

(5/s and 2.5/s were also used to test myosin processivity) 

{ADP, 𝑃S}-bound to {ADP, 𝑃S and actin}-bound: 

50/s 

{ADP, 𝑃S, actin}-bound to {ADP, actin}-bound: 

25/s 

{ADP, actin}-bound to actin-bound: 25/s 

Actin-bound to ATP-bound:	150/s 

De	La	Cruz	and	Ostap,	2009	

Heissler	et	al.,	2013 

Crosslinkers modeled as two springs of length 𝑙U and 

spring constant 𝑘U: 

Fission yeast 𝛼-actinin length: 2𝑙UV = 22 nm 

𝛼-actinin spring constant: 𝑘UV = 0.5 nN/nm 

Fimbrin length: 2𝑙U
W = 10 nm 

Fimbrin spring constant 𝑘U
W = 1.1 nN/nm 

2𝑙UV = 2 actin-binding domains (~5 nm each) plus  

2 spectrin repeats (~6 nm each, PDB structure 

4D1E). Note, human 𝛼-actinin has 4 spectrin 

repeats. 

𝑘UV was chosen to be 20 times smaller than 𝑘# 

2𝑙U
W was estimated from PDB structure 1RT8 

𝑘U
W = 𝑘UV ∙ 𝑙UV/𝑙U

W 
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Crosslinker’s actin binding rate: 100/s Arbitrarily chosen 

𝛼-actinin’s actin unbinding rate: 3/s 
A value in between 2.4/s (Xu et al., 1998) and 3.3/s 

(Li et al., 2016) 

Fimbrin’s actin unbinding rate: 0.05/s Skau et al., 2011 

Number of F-actins per ring cross-section: 30 – 40 
To be within the 13 – 60 range shown by our 

electron cryotomography data (Swulius et al.). 

Number of unipolar myosins: 1,600 In the range reported by Wu and Pollard, 2005 

Number of bipolar myosins: 800 In the range reported by Wu and Pollard, 2005 

Number of 𝛼-actinin: 300, 600*,1200  * In the range reported by Wu and Pollard, 2005 

Number of fimbrins: 500, 1000*, 2000 * In the range reported by Wu and Pollard, 2005 

Number of nodes: 64, 140 Vavylonis et al, 2008; Laplante et al., 2016 

Actin depolymerization rate: 1 monomer/s In the range reported by Pelham and Chang, 2002 

Myosin turnover rate: once every 14 s Our own measurement (Fig. S11) 

Crosslinker turnover rate: once every 20 s Laporte et al., 2012 

Mechanosensitivity of cell wall growth: 

𝐹' = 0.005 − 0.1 pN 
Tested in a large range 

  148	
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