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Abstract7

The plasma membrane and the underlying skeleton form a protective barrier for eukary-8

otic cells. The molecules forming this complex composite material constantly rearrange under9

mechanical stress to confer this protective capacity. One of those molecules, spectrin, is ubiq-10

uitous in the membrane skeleton and primarily located proximal to the inner leaflet of the plasma11

membrane and engages in protein-lipid interactions via a set of membrane-anchoring domains.12

Spectrin is linked by short actin filaments and its conformation varies in different types of cells.13

In this work, we developed a generalized network model for the membrane skeleton integrated14

with myosin contractility and membrane mechanics to investigate the response of the spectrin15

meshwork to mechanical loading. We observed that the force generated by membrane bending16

is important to maintain a smooth skeletal structure. This suggests that the membrane is not17

just supported by the skeleton, but has an active contribution to the stability of the cell structure.18

We found that spectrin and myosin turnover are necessary for the transition between stress and19

rest states in the skeleton. Our model reveals that the actin-spectrin meshwork dynamics are20

balanced by the membrane forces with area constraint and volume restriction promoting the21

stability of the membrane skeleton. Furthermore, we showed that cell attachment to the sub-22

strate promotes shape stabilization. Thus, our proposed model gives insight into the shared23

mechanisms of the membrane skeleton associated with myosin and membrane that can be24

tested in different types of cells.25

Keywords:26

Spectrin, actomyosin, cell mechanics, cytoskeleton.27

Significance Statement28

Spectrin was first observed in red blood cells, as a result of which, many theoretical models fo-29

cused on understanding its function in this cell type. However, recently, experiments have shown30

that spectrin is an important skeletal component for many different cell types and that it can form31

different configurations with actin. In this work, we proposed a model to study the shared mecha-32

nisms behind the function of the actin-spectrin meshwork in different types of cells. We found that33

membrane dynamics in addition to spectrin and myosin turnover are necessary to achieve confor-34

mational changes when stresses are applied and to guarantee shape stability when the stresses35

are removed. We observed that membrane bending is important to support skeletal structure.36

Furthermore, our model gives insight into how cell shape is maintained despite constant spectrin37

turnover and myosin contraction.38
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1 Introduction39

To accomplish some of their primary functions, such as motility and cell division, eukaryotic cells40

need to endure many mechanical challenges (1). For example, axons extend long distances and41

can experience an increase in tension duringmechanical deformation. A specific case is the stretch42

of the sciatic nerves when the ankle flexes due to the specific positioning of the joints (2). During43

normal extension and flexion of the joints, the sciatic nerve has a 5- to 10-fold increase in the strain44

near the joints (3). At the other length scale, red blood cells (RBCs), roughly 8 µm in diameter,45

deform to go through capillaries and the amount of deformation depends on the shear stress they46

experience (4). The ability of these cells to resist a wide range of deformations is due to the47

load-bearing features of their structure. Broadly, cell architecture is determined by the canonical48

cytoskeleton and themembrane skeleton (5). The former is a 3D network of filaments, such as actin49

filaments and microtubules, which provide support to organelles and change their configuration to50

allow different cell functions. The membrane skeleton consists of a spectrin network beneath the51

plasma membrane.52

Spectrins are proteins that form scaffolds with other molecules inside the cell and confer rapid53

solid-like shear elasticity to support in-plane shear deformations (1, 6). The spectrin scaffold is54

constructed by attaching the ends of the spectrin rod-like heterotetramers to junctional complexes55

composed of short F-actin and other proteins (6), forming an actin-spectrin meshwork (Fig. 1A).56

These junctional complexes are one of the structures that connect the spectrin scaffold to the57

plasma membrane. While cytoskeletal molecules like actin and microtubules use active polymer-58

ization to support mechanical loading on cells, spectrin accomplishes its role by either dynamically59

unfolding or by disassembling the dimer-dimer links (1, 7, 8). When a spectrin tetramer is pulled,60

its repeats unfold and can exhibit a 2.6-fold increase in contour length. The unfolding of the re-61

peats depends on the force and velocity of the pulling (1, 8). The structural organization of the62

spectrin scaffold depends on the cell type (9) and as shown more recently, on subcellular location63

(10, 11). In red blood cells, the two main paralogues of spectrin, αI and βI, associate laterally and64

in an antiparallel manner to form long and flexible heterodimers (6, 12). Interactions between the65

N-terminus of the α-spectrin and the C-terminus of β-spectrin produce bipolar heterotetramers (6)66

(Fig. 1A). The junctional complexes form a pseudo-hexagonal lattice (6), which are thought to be67

regular (Fig. 1B). However, recent experiments showed that F-actin in junctional complexes forms68

irregular, non-random clusters (13).69

The configuration of the spectrin scaffold in neurons differs in the soma, axon, and dendrite70

even though it is formed by the same elements, spectrin, actin, and myosin. In axons, α and β71

spectrin link evenly distributed actin rings, thereby regulating the spacing between rings (∼ 180-72

190 nm) and giving mechanical support to the membrane (14, 15) (Fig. 1C). A similar periodic73

skeleton configuration was found in dendrites (16), but the configuration in the soma is similar to74

that of the RBC (17). In fibroblasts (Fig. 1D), spectrin is spatially distributed in regions where75

the cell edge retracts and there is a low density of actin (10). Ghisleni et al. showed that the76

distribution of spectrin is dynamic and it changes during mechanical challenges like cell adhesion,77

contraction, compression, stretch, and osmolarity changes (10). Moreover, recent studies from our78

group revealed that βII-spectrin transitions between a RBC-like configuration to a periodic axonal79

configuration in fibroblasts (11). Such a transition is driven by actomyosin contractility.80

Previously, we used a theoretical model to show that the experimentally observed actin-spectrin81

transitions in fibroblasts require spectrin detachment from the short F-actin (11). Interestingly,82

some experimental evidence suggests that the actin-spectrin meshwork in the RBC (7, 13, 18)83

and axons (19) is also dynamic. In this work, we sought to understand how a minimal system of84

short actin filaments, myosin motors, and spectrin tetramers can give rise to a wide range of net-85
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work configurations and confer mechanoprotective capabilities in the cellular context. We used a86

network model of springs and cables to represent the membrane skeleton (11, 20–23) (Fig. 1 E-F)87

and incorporated the response of the membrane to mechanical stress (24). Using this model, we88

sought to answer the following questions: How does membrane bending interact with the actin-89

spectrin meshwork? How do myosin contraction and its stochastic addition and removal alter the90

meshwork? Finally, how do adhered versus detached cells adjust their actin-spectrin meshwork91

dynamics to conserve their shape? We observed that the balance between the force generated92

by the bending energy of the membrane and the force generated by spectrin lowers the stress in93

the membrane. This finding suggests a feedback mechanism between the skeleton and the mem-94

brane instead of just the accepted function of the skeleton in providing mechanical support to the95

membrane. We found that without spectrin unbinding and rebinding to junctional complexes and96

the action of myosin contraction and its stochastic addition and removal, the actin-spectrin mesh-97

work remains clustered after contractile stress is removed. Therefore, these features of spectrin98

and myosin are necessary for recovering the pre-stressed configuration of the membrane skele-99

ton. Moreover, our model predicts an optimal number of myosin rods for skeleton recovery from100

the imposed stress. We showed that, although the membrane skeleton is dynamic, it can maintain101

cell shape when no stress is induced. We also found that the interplay between the membrane102

skeleton and the substrate attachments can render stability to adhered cells. We anticipate that103

our model predictions have implications for a wide-range of mechanoprotective scenarios in which104

the spectrin-meshwork plays a critical role.105
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Figure 1: Different configurations of the membrane skeleton. A) A spectrin tetramer spanning between short actin

filaments. B) The hexagonal actin-spectrin meshwork configuration in red blood cells. Myosin generates contractility

that may preserve the cell shape (18). C) Periodic actin-spectrin meshwork configuration in axons. Myosin heavy chains

crosslink adjacent actin rings, likely providing tension. Myosin may also span individual rings providing contraction (15).

D) In fibroblasts, the actin-spectrin meshwork has a heterogeneous and dynamic configuration (11). E) Schematic of the

simulated 3D network model. The red lines correspond to myosin, grey nodes to short F-actin, and edges to spectrin,

color-coded for the force generated by the spring element. F) Schematic representation of the forces generated by the

spectrin edges when their length differs from the resting length.

2 Results106

2.1 Qualitative description of the model107

We propose a general 3D mesoscopic model for the membrane skeleton to examine its changes in108

morphology and mechanical properties. This model builts on the 2D model presented in (11). The109

basic component of the model is an actin-spectrin meshwork (Module 1) attached to the extracel-110

lular matrix (ECM) through connectors (Module 2), which can induce stress and result in a change111

in the meshwork configuration. The forces generated by the membrane (Module 3) and myosin112

(Module 4) also affect the evolution of the meshwork configuration. Thus, a balance between the113

forces generated by the actin-spectrin meshwork, the membrane, myosin, and connectors dictate114

the evolution of the meshwork configuration (Module 5). Following (11), instead of focusing on ex-115

act values for the different model parameters, which are difficult to obtain experimentally and may116

diverge for different types of cells, we focused on values that allow us to qualitatively represent117
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the meshwork dynamics. Thus, unlike previous modeling efforts that only focus on one type of cell118

(24–31), our model is general. The model parameters are provided in Table 1.119

2.1.1 Module 1: Mechanics of actin-spectrin meshwork120

The actin-spectrin meshwork comprises Ne edges connected by Nn nodes, representing spectrin121

bundles and short F-actin, respectively (Fig. 1E,F). The position of each node, i, is given by122

ri = (rxi , r
y
i , r

z
i ) ∈ R3, i ∈ {1, . . . , Nn}. In what follows, vector quantities are represented using123

bold letters. The spectrin edges behave like springs with potential U spring,S , given by124

U spring,S =
∑

j∈{1,2,...,Ne}

ks,S (dj − d0,S)
2

2
, (1)

where d0,S is the resting length and ks,S is the spring stiffness. The edge j spans between the125

node i and i′ and has a length equal to dj = ||ri − ri′ ||. The force generated by U spring,S is126

Fspring,S(ri) = Fspring,S
i = −∂U spring,S

∂ri
. (2)

Figure 1F shows the force generated by the spring elements when the length dj differs from the127

resting length d0,S : if the edge length is smaller than the resting length, an expansive force is gen-128

erated, and if the length is larger than the resting length, a contractile force is generated. If the129

edge length is equal to their resting length, the nodes, which represent actin short filaments, will130

remain in the same position. SeeModule 5 for details on the evolution of the position of actin nodes.131

132

Spectrin unbinding and rebinding133

Spectrin dissociates the dimer-dimer links by proteolytic cleavage (7). We included the spectrin-134

spectrin dissociation mechanism in our model by removing the spectrin edges that generate an135

expanding force greater than a threshold force, i.e.,−∂Uspring,S

∂rx,y,zi
≥ F th, as in (11). We also modeled136

rebinding of the unbound spectrin edges to promote network recovery. Although different rules for137

spectrin rebinding can be applied, we chose the simplest case, assuming that spectrin tetramers138

dissociate into dimers at the N-terminal region. Hence, we expect spectrin dimers not to drift away139

from their current location and be more likely to connect with their previous pair to form tetramers.140

Moreover, this rule guarantees lower expanding force in the recently connected spectrin edges.141

Thus, we let the unbound spectrin edges rebind when the distance between the two actin nodes142

to which an edge was connected equals the resting length d0,S .143

2.1.2 Module 2: Induced stress by connection to focal adhesions144

To induce stress on the actin-spectrin meshwork, we introduced a new type of spring edge that145

connects the periphery of the meshwork with fixed nodes representing focal adhesions in the extra-146

cellular space (Fig. 2A, black lines and circles). These connector edges have spring constant ks,C147

and resting length d0,C . We assumed that the focal adhesions are 10 nm lower than the spectrin148

network in the z-axis, which accounts for the membrane thickness (4-10 nm (32, 33)). The initial149

height difference between the actin and focal adhesion nodes establishes a 3D configuration in150

the meshwork. The connector edges are attached to spectrin edges through protein complexes,151

instead of short-actin filaments. Although the protein complexes nodes update their position as152

described in Module 5, we did not consider these nodes for the membrane forces calculations153

(Module 3).154
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2.1.3 Module 3: Membrane forces155

Bending energy156

To model the energy generated by the membrane bending Eb, we followed Li et al. and assumed157

that the effects of the lipid bilayer on the cytoskeleton are transmitted via transmembrane proteins158

and can be represented by coarse-grained local free energies (24). Therefore, the bending en-159

ergy of the membrane affects the short F-actin nodes that are anchored to the membrane. This160

assumption allows us to use the actin-spectrin meshwork to calculate the bending energy as161

Eb =
∑

adjacent α,β pair

kb (1− cos(θαβ − θ0))
AαAβ

〈Aα′ , Aβ′ 〉
, (3)

where kb = 2
√
3κ, κ is the average bending modulus of the lipid membrane (34), and θ0 is the162

spontaneous curvature angle between two adjacent triangles, α and β, formed by spectrin bundles.163

As in (24), cos(θαβ−θ0) = cos θαβ cos θ0+sinαβ sin0, where cos θαβ = nα ·nβ and sinαβ = ±|nα×nβ|.164

Here, sinαβ is positive if (nα − nβ) · (pα − pβ) ≥ 0. The vectors n and p represent the normal that165

points to the exterior and the position of the center of the triangle, respectively (Fig. 2B). Note166

that in the simulation, the spectrin meshwork can be irregular. Therefore, the contribution of two167

adjacent triangles is weighted by their area product AαAβ and normalized by the mean product168

over all the triangle pairs 〈Aα′ , Aβ′ 〉 (24). Hence, smaller pairs of triangles have less contribution169

to the bending energy. Eb generates a force Fb
i , given by,170

Fb
i = −∂Eb

∂ri
. (4)

We have neglected the anchorage of spectrin to the plasma membrane through ankyrin for171

calculating the bending energy. We omitted ankyrin in the model because it binds to the middle172

of the spectrin tetramer and the model only represents full spectrin tetramers as edges. Thus,173

considering only short F-actin anchorage at the end of spectrin is sufficient for our simplified repre-174

sentation of spectrin tetramers. Moreover, the function of the spectrin-ankyrin assembly is mostly175

associated with the organization of membrane proteins in domains (35). Hence, we do not expect176

changes in the membrane bending.177

178

Surface area constraint179

We assumed that the membrane surface area is conserved in the region of interest and added a180

surface area constraint. This constraint generates a force181

FA
i = −∂EA

∂ri
, EA = kA

(A−A0)
2

A0
, (5)

with initial surface area A0 and area constant kA. Hence, the total force generated by the mem-182

brane Fmem
i is given by183

Fmem
i = Fb

i + FA
i . (6)

184

185

Volume exclusion186

When simulating closed geometries to mimic cells, we assumed that cells do not shrink indefinitely187

and implemented volume exclusion in the model that accounts for the organelles and contents of188

the cytosol. For this, we restrict the movement of F-actin nodes to a volume 15% smaller than the189
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initial volume. If the F-actin node enters this restricted volume, it is reset to its previous value.190

191

Note that our surface area constraint and volume exclusion descriptions do not include the192

molecular details involved in these processes. We made this simplifying assumption to reduce193

the complexity of the model. Moreover, mechanisms that regulate membrane surface area and194

volume have opposite effects (36). For example, the membrane surface area regulation by mem-195

brane trafficking: On one hand, endocytosis increases the surface area while exocytosis reduces196

it. On the other hand, an increase (decrease) of membrane tension, which can result from an in-197

crease (decrease) of membrane surface area, activates (inhibits) exocytosis and inhibits (activates)198

endocytosis.199

2.1.4 Module 4: Myosin dynamics200

We followed (11) and added myosin as edges with cable potential energy U cable, where201

U cable,M =
∑

k∈{1,2,...,NM}

kc,Md2k
2

, (7)

where kc,M is the tensile force applied by myosin motors and NM is the number of myosin edges,202

which are attached to the center of the triangles formed by spectrin edges (Fig. 1C). We assumed203

that the force generated by the myosin edges Fcable,M
α is equally distributed among the three actin204

nodes joining the triangle formed by the spectrin edges. Thus, the force generated by myosin205

edges in the F-actin nodes is given by206

Fcable,M
i = Fcable,M

i+1 = Fcable,M
i+2 =

Fcable,M
α

3
, Fcable,M

α = −∂U cable,M

∂pα
. (8)

Note that the cable elements only generate a contractile force. If one of the edges of the spectrin207

triangle is unbound, then the myosin edge tries to attach to a nearby triangle within a distance of208

dmax. If there are none, the myosin edge is removed from the simulation. A myosin edge is also209

removed from the simulation if its length is less than dmin.210

211

Stochastic addition and removal of myosin edges212

Myosin edges are added and removed from the network randomly at a rate ϕa and ϕr, respectively.213

2.1.5 Module 5: Evolution of the actin-spectrin meshwork214

When stresses are induced to the actin-spectrin meshwork, the actin nodes moves to restore the215

mechanical equilibrium, given by216

Ffriction + Fskeleton + Fmem = 0, (9)

where217

Fskeleton = Fspring,S + Fspring,C + Fcable,M (10)

is the force generated by the different elements describing the dynamics of the skeleton and Fmem218

is the force generated by the membrane (Eq. 6). Note that Fspring,C and Fcable,M act as an external219

load to the actin-spectrin meshwork, driving it away from equilibrium whileFmem counteracts shape220

deformations.221
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Cells are surrounded by other cells and the ECM. Therefore, in Eq. (9), the forces generated by222

the membrane and skeleton, are balanced by a friction force, Ffriction. This friction force is created223

by the viscous dissipation between the movement of the actin nodes and the cell anchorage points224

to the ECM (focal adhesions) or other cells (cell junctions). Therefore,225

Ffriction(ri) = Ffriction
i = −ζvi, (11)

where ζ is the drag coefficient and vi is the velocity at which the actin node at position ri moves in226

the absence of friction to restore mechanical equilibrium, i.e.,227

∂ri
∂t

= vi. (12)

In the simulation, we account for the friction forces (Eqs. 11 and 9). Thus, the evolution of the actin228

node position is given by229

∂ri
∂t

=
1

ζ

(
Fskeleton
i + Fmem

i

)
. (13)

Figure 2D shows the flowchart of the simulation. This simulation framework was implemented in230

MATLAB and we used it to investigate different scenarios (see Methods for details).231

Initialize network
time step = 1, RemT = {}

time step<=final time step

e <= total edges

e = 1, Rem = {}

calculate Fcyto and Fb

Fspectrin >=  Fth

 Add e to Rem

update position of the nodes

e_Rem = 1

e_Rem <= 
total edges in Rem

myosin in spectrin triangle 
of e_Rem 

attach myosin 

other triangle within dmax
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u~U(0,1) < φaΔt

add new random  myosin 
edge

time step = time released

e_m = 1

e_m <= 
total myosin edges

e_m length < dmin

remove  e_m edge

u~U(0,1) < φrΔt
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e_RemT  = 1, 
add Rem to RemTot
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Figure 2: Actin-spectrin meshwork simulation. A) 3D view of the initial configuration of the mesh. Pink and black

lines correspond to spectrin and connector edges, respectively. Grey filled circles are F-actin nodes and black empty

circles represent focal adhesions. B) Schematic representation of the angle θα,β formed by the α and β triangular faces

of the meshwork. C) Myosin edges (red lines) end points are localized at the centers of the spectrin triangles (pink) at

position pα = (ri + ri+1 + ri+2)/3. The force generated by myosin is equally distributed between the F-actin nodes

(gray) connecting the spectrin triangle. D) Flowchart of the simulation.
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2.2 Coupling of membrane bending with the actin-spectrin meshwork is important232

for resisting isotropic contractility233

The membrane skeleton has load-bearing features, which allow cells to resist different deforma-234

tions. Hence, we tested whether an actin-spectrin meshwork alone can efficiently respond to235

different imposed stresses. We first simulated the isotropic extension and compression of the236

actin-spectrin meshwork (Module 1, without spectrin unbinding and rebinding) in the absence of237

any forces generated by the membrane. We introduced a new type of spring edge (Module 2)238

that connects the periphery of the actin-spectrin meshwork to fixed nodes representing focal ad-239

hesions in the extracellular space (Fig. 2B, black lines and circles). These connector edges are240

linked to spectrin edges through protein complexes represented by nodes that update their position241

according to Eq. (13). Therefore, the nodes linking the connector edges with spectrin edges are242

differentiated from the short-actin nodes (Fig. 3A, black triangles).243

We first simulated isotropic expansion. In this case, the connecting edges were pre-extended244

before the simulation, i.e., we set the initial length, dI,C1, to be larger than the resting length, d0,C1.245

That way, the connecting edges shrink during the simulation, increasing the contractile force and246

the edge length of the spectrin edges (Fig. 3A,D). This results in the expansion of the actin-spectrin247

meshwork. Note that the height of the F-actin nodes decreases at the sides, producing a concave248

shape of the meshwork (Fig. 3B). To simulate the compression of the meshwork, we set the ini-249

tial length of the connecting edges smaller than the resting length. We observed shrinkage of the250

meshwork with a drastic change in the height of the F-actin node locations connecting the spectrin251

edges (Fig. 3B,E). Note that the length of spectrin edges slightly diverges from d0,S (Fig. 3D).252

Therefore, we concluded that the meshwork responded to the isotropic compression by changing253

the height of F-actin nodes instead of the length of spectrin edges. We determined that the re-254

sponse was induced by the initial difference in height between the actin-spectrin meshwork and255

the focal adhesion nodes. Moreover, we observed that the magnitude of bending force generated256

by such height fluctuations (i.e., ||Fmem
i ||, Fig. 3C,F), is high. We concluded that these fluctua-257

tions were physiologically unfeasible because they require high amounts of bending energy and258

the actin-spectrin meshwork by itself was unable to capture isotropic contractility.259

We next added the membrane bending force (Module 3) to balance the force generated by260

the spectrin and connector springs (see Methods). The addition of the bending force to the force261

balance eliminated the large height fluctuations in the actin-spectrin meshwork (Fig. 3B). We ob-262

served that the F-actin node height was closer to the initial height (rzi = 0 nm) instead of the263

extreme heights seen in the case without bending (Fig. 3E). As expected, the final configuration264

minimized the membrane bending energy (Fig. 3C,F). We also found that the bending energy af-265

fected the final length distribution of spectrin edges, and therefore, its elastic energy (Fig. 3A,D).266

However, the addition of the bending energy did not affect the dynamics of the actin-spectrin mesh-267

work under isotropic extension because the difference in actin node height had a slow and smooth268

evolution (Fig. 3D-F). Thus, our simulations predict that the membrane bending energy interacts269

with the actin-spectrin meshwork to avoid drastic changes in its configuration when contractile270

stresses are applied. Furthermore, this interaction minimizes the membrane and spring forces of271

the actin-spectrin meshwork, resulting in a more efficient physiological response to stresses.272
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Figure 3: Actin-spectrin meshwork under symmetrical extension and compression. A) Configuration of the mesh-

work initially and after 180 seconds of isotropic extension, compression, and compression including the force generated

by membrane bending. The edges corresponding to spectrin edges are color-coded for the force generated by their

spring element. The black edges represent connecting edges and the black circles are focal adhesion nodes with -10

nm height. The black triangles are the nodes linking the connector edges to focal adhesions and spectrin edges. The

gray nodes show the locations of short F-actin, which have an initial height of 0 nm. The scale bar in cyan corresponds

to 1 µm. B) Meshwork in A, color-coded for the height of the F-actin nodes. C) Meshwork in A, color-coded for the

magnitude of the force generated by the membrane ||Fmem
i ||. Here Fmem

i = Fb
i , see Methods for simualtion details.

Box plot of spectrin edge lengths (D), F-actin node height (E), and magnitude of the force generated by the membrane

(F) under the different conditions of (A-C).
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2.3 Unbinding of spectrin edges lower stresses due to shear deformation273

In cells, spectrin supports in-plane shear deformation (1). Hence, we investigated whether our274

actin-spectrin meshwork with membrane forces can withstand such deformation. To mimic the275

stress, we removed the horizontal adhesions and changed the position of the vertical adhesions276

as follows. On the right end of the meshwork, the adhesions were located 360 nm from the linking277

nodes (black triangles in Figure 4A) in the x-direction and 1080 nm in the y-direction. On the left end278

of the meshwork, the adhesions were located at similar distances in the x- and y-direction, but with279

opposite polarity. Since the initial length of the connecting edges dI,C3 is larger than their resting280

length d0,C3, the connecting edges were pre-extended. This configuration guaranteed that during281

the simulation, the meshwork would extend in one direction and be compressed in the orthogonal282

direction (Fig. 4A-C). At the end of the simulation, we observed high fluctuations in short F-actin283

node height at the center of the meshwork (Fig. 4B), which resulted in high membrane bending284

force (Fig. 4C). Moreover, the meshwork was under high contractile and expansive forces (Fig.285

4A). However, experimental evidence shows that the spectrin network in RBC can deform and286

experience high shear stress (7). To do so, spectrin tetramers dissociate to dimers when a low287

shearing force is applied (7). Therefore, we included this mechanism by removing the spectrin288

edges that generated an expanding force greater than a threshold force (Module 2), as in (11).289

Figures 4B,C show that the F-actin height fluctuations and themagnitude of themembrane force290

were reduced when spectrin unbinding was included in the meshwork dynamics. Furthermore, the291

final configuration of the meshwork was shrunk along the long axis with large spectrin edges (Fig.292

4A). Note that most spectrin removal occurred within the first 30 seconds of the simulation (Fig. 4G,293

dotted yellow line). At long time, the spectrin edge energy was reduced, reaching a quasi-steady294

state with little to no spectrin edge removal. Spectrin unbinding reduces mechanical stress, but295

can the meshwork recover its shape after eliminating the stresses? To test this, we detached the296

connecting edges from the actin-spectrin meshwork in Figure 4A and simulated for an additional297

120 seconds. Note that the meshwork reached a new steady state after 40 seconds with reduced298

spectrin edge removal (Fig. 4G, yellow solid line). In this new steady state, the resting length of299

spectrin edges was recovered, thereby minimizing the meshwork stress (Fig. 4A,D). Note that the300

actin node heights show some fluctuations at the end of the simulation that might result from the301

force balance (Fig. 4B,E). Such fluctuations also affected the force generated by the membrane302

(Fig. 4B,F). Overall, the actin-spectrin meshwork remained clustered on the long axis sides and303

did not recover its shape.304

We next investigated whether spectrin rebinding would change the response of the meshwork.305

Weallowed the unbound spectrin edges to rebind when the distance between the two F-actin nodes306

to which an edge was connected was equal to the resting length. Figure 4A-C shows that the evo-307

lution of the meshwork with spectrin unbinding and rebinding is similar to that of the meshwork with308

only unbinding. Moreover, the evolution of the total number of spectrin unbound edges was similar309

when the meshworks were attached to the focal adhesions (Fig. 4G dotted yellow and blue lines).310

The resulting meshworks only differed when released from the focal adhesions: the meshwork311

allowing spectrin edge rebinding showed more unbinding events (Fig. 4G solid yellow and blue312

lines). As expected, spectrin rebinding events were fewer when the meshwork was attached to fo-313

cal adhesions, but the events increased when it was released (Fig. 4G green). However, when the314

meshwork reached a steady state, i.e., the length of spectrin edges was equal to the resting length,315

the unbinding and rebinding events ceased and the meshwork remained clustered. Hence, we hy-316

pothesized that additional mechanisms are needed to prevent spectrin clustering after the stress317

is removed, thereby promoting spectrin redistribution in the cell to provide mechanical support to318

the membrane and bear future stresses at different locations.319
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Figure 4: Actin-spectrin meshwork under shear stress. A) Initial configuration, and after 120 seconds under shear

stress, allowing unbinding of spectrin edges, and allowing unbinding and rebinding of spectrin edges. The last two

columns correspond to the case when the meshwork is released from adhesions and evolved for an additional 120

seconds. Edges are color-coded for the force generated by the spectrin spring element. Black lines denote connecting

edges and black circles, fixed focal adhesions with -10 nm height. The F-actin nodes (gray dots) and linker nodes (black

triangles) have an initial height of 0 nm. The cyan line is a scale bar corresponding to 1µm. B) Meshwork on A but

color-coded for actin node height. C) Meshwork on A but color-coded for the magnitude of the force generated by the

membrane. Boxplot of the spectrin edge length (D), F-actin node height (E), and magnitude of the force generated by

the membrane (F) distribution under different conditions. G) Cumulative sum of the number of unbound and re-bound

spectrin edges over time.

2.4 Myosin interactions with the actin-spectrin meshwork promote recovery of320

spectrin edges321

We next asked under what conditions would the membrane skeleton recover a prestressed con-322

figuration after the external loading is removed. Recent work has shown that spectrin topological323

transitions are driven by actomyosin contractility (11). Therefore, we incorporated the dynamics324

of myosin into the meshwork (Module 4). As in (11), myosin edges generated a contractile force325

and were removed when they shrunk to a minimal length or when there were no available binding326

sites. In addition to these dynamics, myosin edges were added and removed stochastically.327
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We observed that the length of spectrin edges and height of actin nodes were similar to that328

of the meshwork without myosin (Fig. 5A-F). However, myosin increased the rebinding events329

after the meshwork was released (Fig. 5G). Due to the stochastic nature of the myosin dynamics,330

we ran 30 additional simulations to test the generality of the results and obtained statistics. We331

observed that after the initial 60 seconds, the number of myosin edges in the system with a surface332

area of ≈ 2.5 µm2 settled to one (Fig. 5H), which promoted unbinding and rebinding in the spectrin333

meshwork (Fig. 5G). Thus, a single myosin edge per 2.5 µm2 was enough to promote spectrin334

edge turnover. In some simulations, the final percentage of attached spectrin edges matched the335

percentage before releasing the spectrin meshwork from focal adhesions (Fig. 5I). We concluded336

that myosin addition avoids the clustered, crumpled state and helps meshwork recovery, which337

prepares the membrane skeleton to respond to new stresses.338
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Figure 5: Myosin dynamics on an actin-spectrin meshwork under shear stress. A) Meshwork configuration after

120 seconds under shear stress, and 120 seconds after releasing the network from the focal adhesion nodes. Edges

are color-coded for the force generated by the spectrin spring element. Black lines denote the connecting edges and

black circles fixed focal adhesions with -10 nm height. Red edges correspond to myosin. Gray circles represent F-actin

nodes and black triangles, linker nodes with an initial height is 0 nm. The cyan line is a scale bar corresponding to

1µm. B) Meshwork on A but color-coded for actin node height. C) Meshwork on A but color-coded for the magnitude of

the force generated by the membrane. Boxplot of the spectrin edge length (D), actin node height (E), and membrane

force magnitude (F) for the configurations in A-C. The values for the meshwork without myosin (Fig. 4) are given for

comparison. G) Evolution of the total number of unbound (blue) and re-bound (green) spectrin edges. H) Evolution of

the number of myosin edges. I) Evolution of the total number of attached spectrin edges. In G-I, the thin lines correspond

to 31 different simulations, the thick line is the temporal average of the simulations, and the black dotted line shows the

evolution of the meshwork without myosin in Figure 4.

Next, we investigated whether increasing the number of myosin edges acting in the actin-339

spectrin meshwork enhanced the rebinding of spectrin edges, thereby, the meshwork recovery340

after removing the stress. For this, we changed the ratio of rates corresponding to the random341

addition and removal of the myosin edges. This rate ratio, (rr), given by342

rr =
ϕa

ϕr
, (14)

where ϕa and ϕr are the rates for random addition and removal of myosin edges, respectively.343

We found that increasing (decreasing) the rate ratio results in more (less) myosin edges in the344

simulations, even after releasing the meshwork from the focal adhesions (Fig. 6A). Moreover,345
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increasing rr raised the median and reduced the spread of the myosin edges lifetime (Fig. 6D).346

Thus, the higher the stochastic addition-to-removal ratio, the more myosin edges exert contraction347

at different zones of the actin-spectrin meshwork. Paradoxically, this hinders the contraction of the348

myosin edges and their removal when they reach a minimal length, extending the edge lifetime349

but preventing the creation of space for spectrin edges to rebind. On average, both increasing350

and reducing rr resulted in a smaller increase in the percentage of attached spectrin edges (Fig.351

6B,C), suggesting that there is an optimum number of myosin edges acting on the meshwork that352

allows further rebinding of spectrin edges.353

We examined the final configuration of the simulations. We found that the spectrin edges length354

(Fig. 6E) and actin node height (Fig. 6F) were less spread for the original parameters than for the355

increased rr. For the actin node height, the interquartile range (IQR) was 0.9242 for rr, 1.3378 for356

5rr, and 1.3324 for 10rr. For the spectrin edge length, IQR = 1.8201 (rr), 2.3228 (5rr), and 2.5261357

(10rr). With larger rr, the spread of the magnitude of the membrane force also increased from an358

IQR = 0.0158 to IQR = 0.0398 for 5rr and IQR = 0.0339 for 10rr. Therefore, we concluded that our359

original parameters, which resulted in a single myosin per 2.5 µm2 acting on the meshwork after360

releasing it from focal adhesions, gave a more efficient recovery. More or fewer myosin edges in361

themeshwork did not improve the recovery of spectrin edges and produced stress in themeshwork,362

i.e., the spectrin edge length deviates more from the resting length and the height of the actin node363

is more divergent, which exerts spring and bending energy. These qualitative findings suggest that364

cells use the required number of myosins to enhance cytoskeletal recovery after inducing stress365

and this function may be tightly regulated.366
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Figure 6: Myosin dynamics under different stochastic addition and removal rates. A) Temporal evolution of the

myosin edges in the actin-spectrin meshwork with different ratio of addition and removal rates (rr = ϕa/ϕb), color-coded

as in B. The values correspond to rr = ϕa/(5ϕb), ϕa/ϕb, 5ϕa/ϕb, 10ϕa/ϕb. The thick line represents the mean and

the shadowed area is the standard deviation from 31 simulations. B) Temporal evolution of the percentage of attached

spectrin edges over time. C) Zoom image of the rectangle in B. D) Boxplot of myosin edges lifetime. Boxplot of spectrin

edges length (E), F-actin nodes height (F), and magnitude of the force generated by the membrane (G) at the end of

the simulation for different rr.
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2.5 Cell adhesion promotes actin-spectrin meshwork stabilization and conserves367

cell shape368

Cells in suspension and adhered cells have different mechanical properties (37). Therefore, we369

next investigated how the actin-spectrin meshwork differs in cell-like geometries in suspension,370

like red blood cells, and cells with adhesions, such as fibroblasts. To do this, we implemented the371

model on a fully connected meshwork. For cells in suspension, we chose a sphere to capture the372

simplest fully connected 3D shape and avoid computational challenges associated with high curva-373

tures. In this case, unlike the meshwork resembling a patch of membrane, the initial configuration374

of the spectrin edges was under stress due to deviations in their resting length (Fig. 7A). Such375

deviations were necessary to obtain a spherical shape. However, during the first few seconds of376

the simulation, the edges with smaller lengths than the resting length were removed (blue line, Fig.377

7D,E). After 360 seconds of the simulation, we observed that the sphere crumbled (Fig. 7A) and378

increased its membrane force (Fig. 7B), while dynamically adding and removing spectrin edges379

(blue line, Fig. 7E,F). Moreover, the sphere volume (blue line, Fig. 7C) and the number of myosin380

edges (blue line, Fig. 7F) showed a sustained decrease, arising from the myosin contractile ac-381

tion. However, experimental data show that myosin contractility maintains cell shape (18). Thus,382

we hypothesized that there must be further mechanisms that guarantee cell shape maintenance.383

As in (38), we assumed that the plasma membrane resists stretching. Indeed, experiments384

show that high stretching moduli are conserved for different types of lipids bilayers (39), and hence,385

local membrane incompressibility can be assumed (38). This was implemented in the model by386

adding a surface area constraint to the force generated by the membrane, now Fmem
i = Fb

i + FA
i387

(see Module 3). We found that when the surface area was constrained, the number of spectrin388

edges unbound was reduced and rebinding of these edges was promoted (Fig. 7E). Thus, the389

percentage of spectrin edges attached was higher (Fig. 7D). We also observed that the number390

of myosin edges was higher (Fig. 7F), which resulted from the change in the force balance that391

hindered the myosin contraction, and thereby, their removal. The locations where the force gener-392

ated by the membrane was high before implementing surface area constraint to the force balance,393

smoothed out, thereby reducing the crumbled appearance.394

The size of the sphere under surface area constraint was bigger but its volume kept decreasing395

(Fig. 7C). It is known that nondividing adult cells maintain their size (40) and, based on experi-396

mental data, we only expect volume fluctuations in the absence of any stimulus at the simulation397

timescale (41). Hence, we implemented volume exclusion in the model to represent the presence398

of organelles in the cytosol by restricting the movement of actin nodes to a volume 15% smaller399

than the initial volume (Module 3). Based on experiments where hyperosmotic shocks caused400

a nonreversal volume decrease (41), we assumed that larger volume deviations trigger further401

cellular processes. A simulation with surface area constraint and volume exclusion showed that402

the sphere settled to a steady volume (Fig. 7C) while experiencing spectrin edge unbinding and403

rebinding events (Fig. 7E). Moreover, the force generated by the membrane was reduced (Fig.404

7B). Therefore, we concluded that the interaction between the actin-spectrin meshwork and the405

membrane contained by surface area and volume exclusion promoted shape integrity. While the406

actin-spectrin meshwork allows cells in suspension to deform and bear different stresses, themem-407

brane surface area constraint and volume exclusion guarantee shape integrity. This complements408

the accepted function of the spectrin skeleton in giving mechanical support to the membrane (5)409

and hints at a feedback mechanism between the membrane and the skeleton.410
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Figure 7: Actin-spectrin meshwork dynamics on a suspended cell. A) Initial configuration of the actin-spectrin

spherical meshwork and 360 seconds of the simulation, with area constraint and volume exclusion. Edges are color-

coded for the force generated by the spring potential energy of the spectrin edges. Red lines correspond to myosin

edges. Cyan line is a scale bar corresponding to 1 µm. B) Meshwork in A but color-coded for the force generated by

the membrane. Here, ||Fmem
i ||= ||Fb

i +FA
i ||. Time evolution of the volume (C), percentage of attached spectrin edges

(D), total number of spectrin edges unbound and re-bound (E), and number of myosin edges (F).

Most cells are embedded in the extracellular matrix and adhere to it, which alters the actin-411

spectrin meshwork. Therefore, we examined the meshwork dynamics in a configuration that re-412

sembles a cell adhered to a surface. We took the initial sphere configuration of Figure 8A and413

set rz = 0 for all the F-actin nodes in the south hemisphere, i.e., locations with rz < 0. Then,414

we added spring connecting edges to attach the F-actin nodes at position (rx, ry, rz = 0) to fixed415

nodes located at (1.1x, 1.1ry,−100 nm). Such an arrangement guaranteed that the initial length of416

the linker springs (dI,C4) was larger than the resting length (d0,C4). Thus, the bottom of the hemi-417

sphere was stretched during the simulation, inducing a shape change (Fig. 8A,B). We simulated418

the same cases as in the sphere (Fig. 7A,B) and observed that the final configuration was less419

crumpled when considering area constraint and volume restriction. Moreover, the spectrin edge420

and membrane forces were reduced, and the volume stabilized (Fig. 8A-C). The spectrin edges421

experienced a rapid detachment after the start of the simulation, induced by the contraction of the422

connecting edges (Fig. 8E). However, the percentage of attached spectrin edges immediately sta-423

bilizes (Fig. 8D). Interestingly, the number of myosins in the meshwork of the adhered cell settled424

to a mean value earlier than in the suspended configuration (Fig. 8F). Altogether, we found that the425

actin-spectrin meshwork was more stable when connected to the substrate. We hypothesize that426

when cells adhere, the actin-spectrin meshwork stabilizes to organize membrane proteins (12).427

Cell spreading represents an active biological process where adhesion to the substrate, mem-428

brane remodeling, and cytoskeletal modifications simultaneously occur and interplay (42). More429

specifically, previously published Total Internal Reflection Microscopy data (10) and novel observa-430

17

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 2, 2024. ; https://doi.org/10.1101/2024.04.29.591779doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.29.591779
http://creativecommons.org/licenses/by-nc/4.0/


tions by high temporal-resolution Lattice Light Sheet Microscopy (LLSM), highlighted how spectrin431

remodeling is driven by the re-awakening of acto myosin contractility (Fig. 8G-H). Interestingly,432

this slow-growth phase of spreading (also referred to as P2) corresponded to the exhaustion of433

the membrane reservoir (area constraint) and the flattening of the cell body towards an equilibrium434

state (volume constraint) highlighted by the 4D LLSM imaging approach (Fig. 8I-J). These correl-435

ative observations closely resemble the series of events captured by our model, suggesting that436

the enhanced stability of the adherent meshwork is important for cell function.437

18

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 2, 2024. ; https://doi.org/10.1101/2024.04.29.591779doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.29.591779
http://creativecommons.org/licenses/by-nc/4.0/


Initial configuration Final configuration Area constraint Volume exclusionA

B

C

G H I J

D E F

0 100 200 300
time [s]

70

75

80

85

90

95

100

%
 a

tt
ac

he
d

 s
p

ec
tr

in
 e

d
ge

s

simple
area const.
volume exc.

0 100 200 300
time [s]

15

20

25

30

35

40

45

50

# 
M

yo
si

n 
ed

ge
s

simple
area const.
volume exc.

βII-Spectrin / Actin Membrane Reservoir

S
p

re
ad

in
g 

TI
R

FM

500

C
el

l A
re

a

C
el

l A
re

a

0
Time [s]

S
p

re
ad

in
g 

LL
S

M

C
elll H

eight

5000
Time [s]

Figure 8: Actin-spectrin meshwork dynamics on an adhered cell. A) Initial configuration of the actin-spectrin spher-

ical meshwork and 360 seconds of the simulation, with area constraint and volume exclusion. Edges are color-coded

for the force generated by the spring potential energy of the spectrin edges. Red lines correspond to myosin edges.

The black lines represent connecting edges and black circles, connecting nodes. Cyan line is a scale bar corresponding

to 1 µm. B) Meshwork in A but color-coded for the force generated by the membrane. Here, ||Fmem
i ||= ||Fb

i + FA
i ||.

Time evolution of the volume (C), percentage of attached spectrin edges (D), total number of spectrin edges unbound

and re-bound (E), and number of myosin edges (F). G) Cell spreading analysis at the cell body (zooms corresponding

to the dashed white boxes), displayed by live TIRFM images (green: GFP-βII-spectrin, magenta: RFP-actin, scale bar:

10 μm). Relevant events observed between independent experiments are shown (1-3), in particular, endogenous actin

node formation and correspondent βII-spectrin behavior. H) Projected Cell Area analysis over time and the relative

positioning of frames 1-3 presented in G are shown in the graph. Activation of actomyosin contractility and spectrin

remodeling during the slow-growth phase of spreading (P2) is highlighted in green. Figures adapted from (10). I) Cell

spreading imaged by Lattice Light Sheet Microscopy in MEF transfected with the membrane reporter Scarlet-PM(Lck),

scale bar: 10 μm. Relevant frames 1-3 are reported in the orthogonal view (whole cell) and in the lateral projection

(to highlight cell height). The membrane reservoir is present on the top of the cell body and dissolved during the slow-

growth phase of spreading (P2). J) Projected Cell Area (black) and Cell height (red) analysis over time and the relative

positioning of frames 1-3 presented in C are shown in the graph. Activation of actomyosin contractility and spectrin

remodeling during the slow-growth phase of spreading (P2) is highlighted in green, correlating to the flattening of the

cell body. The portion of the cell that is excluded from the illumination plane is indicated by the asterisk (*).

3 Discussion438

Using a model of the spectrin skeleton, we examined possible mechanisms for cells to bear differ-439

ent stresses. Although spectrin models have been proposed (24–26), such a dynamic interaction440

19

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 2, 2024. ; https://doi.org/10.1101/2024.04.29.591779doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.29.591779
http://creativecommons.org/licenses/by-nc/4.0/


between spectrin, myosin, short F-actin, and the membrane has not been previously studied. Our441

simulations revealed the following outcomes, relevant to the biophysics of the actin-spectrin mesh-442

work. First, the plasmamembrane is critical in lowering fluctuations in the actin-spectrin meshwork,443

hinting at an interaction between the plasma membrane and actin-spectrin meshwork rather than444

the experimentally studied function of spectrin skeleton in maintaining the stability and structure of445

the plasma membrane (12). We tested possible mechanisms that promote actin-spectrin mesh-446

work response to different stresses and the meshwork recovery after the stresses are removed,447

such as spectrin unbinding and rebinding and myosin stochastic dynamics. These mechanisms448

are difficult to examine in experiments in vivo due to technical restrictions. Finally, to test the gen-449

erality of our work on a membrane patch, we modeled suspended and adhered cells, which have450

different mechanical properties (37). Furthermore, we showed how these cells can conserve their451

shape despite the continuous turnover of spectrin and stochastic dynamics of myosin, which are452

necessary for responding to imposed stresses. We related our in silico findings with our publish453

(10) and unpublished data, where the cell size is maintained after depletion of membrane reservoir454

and flattening of the cell body despite the spectrin re-modeling driven by myosin contractility.455

Specifically, we showed that bending energy from the plasma membrane and spectrin detach-456

ment is necessary to bear isotropic compression and shear stress. We assumed that the bending457

energy from the plasma membrane is transmitted to the actin-spectrin meshwork via the short-458

actin nodes, as in (24). Although more sophisticated descriptions for the link between the skeleton459

and lipid membrane have been proposed (26, 28), our chosen description of the bending energy460

reduces the fluctuations in the z plane of a simulated meshwork patch. Experimental evidence461

for dissociation of spectrin tetramers into dimers under shear response, which can relate to spec-462

trin edge unbinding, has been known for a long time (7). However, only recently, the changes in463

the number of bound spectrin to short F-actin complexes have been examined using a theoretical464

model (11, 31, 43). In this work, we improved the 2D model in (11) by considering the rebinding465

of the unbound spectrin edges to test whether the system can return to the initial state after the466

stress is removed. Due to a lack of experimental evidence for the rebinding mechanism of spectrin467

bundles, we chose the simplest rule: edges rebind to the same actin nodes when the distance be-468

tween the nodes is equal to the resting distance. Other rules have been proposed, for example, a469

model of the RBC with the stochastic addition and removal of spectrin edges shows that repeated470

deformations will lead to structural changes in the cytoskeleton (43). Future theoretical efforts can471

explore different rules for spectrin rebinding and the effects on the connectivity of the actin-spectrin472

meshwork. Furthermore, buckling of spectrin edges can be considered as on a recent model of a473

network of fibrin fibers, which shows the importance of buckling for describing shear response int474

he network (44).475

In our simulations, the skeleton with membrane bending energy and unbinding and rebinding476

of spectrin edges settles to a clustered steady state when the spectrin edges recover their resting477

length. However, we hypothesized that, after removing the stress, the spectrin meshwork connec-478

tivity should recover. Based on the interaction between myosin and the actin-spectrin meshwork479

observed in fibroblast (11) and RBC (18), we added myosin to the network. As in (11), we as-480

sumed that myosin edges are contractile until they reach a minimum length and are removed from481

the network. Moreover, myosin edges are stochastically added and removed, mimicking the spa-482

tially heterogeneous contribution of myosin to cell contractility. These assumptions resulted in483

a more dynamic actin-spectrin meshwork, which showed an enhanced recovery from the stress.484

Interestingly, we found an optimum balance between the spectrin edges stochastic addition and485

removal rates. Experiments could test whether increasing or decreasing the number of myosin486

rods acting on the actin-spectrin meshwork enhances its response after some stress is induced.487

It has been shown that RBC contains ≈ 150 non-muscular myosin IIA bipolar filaments per cell488
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(18, 38). Although a previous model of the RBC cytoskeleton considers myosin forces (38), it489

uses a deterministic description to inform the stable configurations. In our model, myosin gives a490

stochastic feature that allows a continuous reconfiguration of the actin-spectrin meshwork.491

Next, we showed that despite the continuous stochastic dynamics of the skeleton, a fully con-492

nected meshwork can reach a stable state with a given volume and fluctuating number of spectrin493

and myosin edges. To keep the generality of our approach, we tested two cases that resemble494

cells with different properties: suspended and adherent cells. For this, we considered surface area495

conservation and volume exclusion, due to the presence of different molecules and organelles.496

Moreover, the actin-spectrin meshwork stabilizes sooner in the adhered case. Future efforts can497

consider how the distribution of spectrin and myosin edges changes after different stresses are498

applied in different cells.499

In our model, we assumed that the meshwork is dynamic even when it is not stressed, in line500

with experimental evidence (13). To simulate such a dynamic meshwork, we chose a simplified501

representation of spectrin bundles as Hookean springs. Spectrin bundles are usually represented502

using a Worm Like Chain (WLC) model (25, 28, 45) to account for thermal fluctuations of polymers503

(46), or interpolation of the WLC (24, 26, 47–50) proposed by (51, 52), which avoids the collapse504

of the spectrin bundle under compression and bounds it under expansion while behaving like an505

ideal spring at the minimum (47). These representations of spectrin bundles are highly non-linear506

and require significant computational power. Alternatively, the simple Hookean spring potential507

has been used and proved (53) to coincide with the WLC potential used in (47, 48) for small508

extensions. In our simulations, we controlled the applied stress, which resulted in the extension and509

contraction of the spectrin edges within the small extension criteria (2d0,S and 0.6d0,S , respectively)510

(53). Moreover, the resulting spectrin edges are below the spectrin length when all the repeats are511

unfolded (≈ 1022 nm) (8). Thus, a Hookean spring representation of the spectrin bundles is well-512

suited for our investigation. This mesoscopic depiction of the membrane skeleton, which omits its513

molecular details given in other models (25, 30, 31), allows us to examine the overall configuration514

changes due to the induced stresses. Importantly, we chose this mesoscopic model because we515

are interested in the effects of dynamically adding and removing, either randomly or due to applied516

forces, the skeleton components embedded in a membrane. The predictions derived from our517

model can be tested experimentally. For example, the optimum number of myosins acting on the518

actin-spectrin meshwork to promote its recovery after the imposed stresses are removed and the519

enhanced stability of the adherent cell in comparison with the suspended cell. Future efforts can520

add more molecular detail to our model.521

4 Methods522

4.1 Simulations523

For the simulations in Figure 3, we solved Eq. (13) with Fskeleton
i = Fspring,S

i + Fspring,C
i and524

Fmem
i = 0 for the isotropic extension and compression and Fmem

i = Fb
i (Eq. 4) when adding525

bending. The unbinding and rebinding of spectrin edges were implemented first in Figure 4. Myosin526

dynamics are introduced in Figure 5. Hence, in Eq. (13), Fskeleton
i is now defined as in Eq. (10).527

For the plots showing the F-actin node height and membrane force, we obtain the values for each528

F-actin node and use interpolated coloring for the triangular surfaces.529

To calculate the spreading of the data contained in the boxplot of Figure 6, we used the in-530

terquartile range (IQR), which is defined as the difference between the 75th and 25th percentiles531

of the data (i.e., the top and the bottom edges of the box). The IQR does not account for the data532
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outliers and gives a better representation of the data range.533

For the fully connected sphere meshwork in and semi-sphere in Figures 7 and 8, we take534

Fskeleton
i = Fspring,S

i +Fcable,M
i in Eq. 13. Note that when including the area constraint and volume535

restriction, we define Fmem
i = Fb

i + FA
i .536

4.2 Numerical Implementation537

We run the simulations in MATLAB R2021a desktop computer. Following (11), for the patch538

of actin-spectrin meshwork (Figs. 3-6), we obtain the initial spectrin mesh with the MATLAB’s539

delaunayTriangulation.m function and implement the forward Euler method to solve Eq. (13).540

We trace the sphere in Fig. 7 with the icosphere.m function (54) and use the remeshing.m function541

(55) to obtain a (semi)isotropic consisting of equilateral triangles with side length d0,S .542
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Table 1: Model Parameters.

Symbol Definition Units Value Reference

ζ drag coefficient pN s/nm 1.25 (11)

∆t time step length s 0.002 (11)

Spectrin

ks,S spring constant pN/nm 1 (11)

d0,S resting length nm 180 (11)

F th force threshold for detachment pN 0.05 (11)

Connecting

edges

ks,C spring constant pN/nm 1 fitted

d0,C1 resting length for compression nm 450 fitted

d0,C2 resting length for extension nm 270 fitted

d0,C3 resting length for shear nm 270 fitted

dI,C4 resting length for semisphere nm 75 fitted

dI,C1 initial length for isotropic stress nm 360.1389 fitted

dI,C3 initial length for shear nm 1138.4638 fitted

dI,C4 initial length for semisphere nm [100,163.05] fitted

Membrane

kb bending constant pN nm 820

(400kBT )
(24)

θ0 spontaneous curvature angle ◦ 0 fitted

kA area constant pN nm 0.0380

(300kBT/(2d
2
0,S))
based on (24)

Myosin

kc,M cable constant pN/nm 0.1071 (11)

ϕa myosin addition rate 1/s 0.01 (11)

ϕr myosin removal rate 1/s 0.0063 (11)

dmin minimum length nm 135 (11)

dmax maximum length nm 450 (11)

4.3 Code availability543

The code will be uploaded to a public repository at the time of final publication. It will be made544

available to the reviewers upon request.545

4.4 Lattice Light Sheet Microscopy546

The LLSM (56) utilized was developed by E. Betzig and operated/maintained in the Advanced547

Imaging Center at the Howard Hughes Medical Institute Janelia Research Campus (Ashburn, VA);548

488, 560, or 642 nm diode lasers (MPB Communications) were operated between 40 and 60549
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mW initial power, with 20–50% acousto-optic tunable filter transmittance. The microscope was550

equipped with a Special Optics 0.65 NA/3.75 mm water dipping lens, excitation objective, and a551

Nikon CFI Apo LWD 25 × 1.1 NA water dipping collection objective, which used a 500 mm focal552

length tube lens. Live cells were imaged in a 37◦C-heated, water-coupled bath in FluoroBrite553

medium (Thermo Scientific) with 0–5% FBS and Pen/Strep. MEFs were transfected 24 h before554

the experiment with the mScarlet-PM (Lck) plasmid (Addgene: 98821). Before the experiment,555

cells were trypsinized, centrifuged for 5 min at 300×g, washed once with PBS, and serum-starved556

in suspension for 30 min at 37◦C in CO2-independent 1× Ringer’s solution. Suspended cells were557

thereafter kept at room temperature for up to 3 h. Transfected MEFs were added directly to the558

coverslip submerged in the media bath prior to acquisition. The time-lapse started after a positively559

double-transfected cell engaged with the fibronectin-coated coverslip. Images were acquired with560

a Hamamatsu Orca Flash 4.0 V2 sCMOS camera in custom-written LabView Software. Post-561

image deskewing and deconvolution were performed using HHMI Janelia custom software and 10562

iterations of the Richardson-Lucy algorithm.563
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