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Abstract

We propose a mechanism of adherent cell mechanosensing, based on the idea that the contractile
actomyosin machinery behaves as a catch bond. For this, we construct a simplified model of the
actomyosin structure that constitutes the building block of stress fibers and express the stability of
cross bridges in terms of the force-dependent bonding energy of the actomyosin bond. Consistent
with experimental measurements, we then consider that the energy barrier of the actomyosin bond
increases for tension and show that this response is enough to explain the force-induced
stabilization of a stress fiber. Further numerical simulations at the cellular level show that the
catch-bond hypothesis can help in understanding and predict the sensitivity of adherent cells to
substrate stiffness.

The contraction of adherent cells is a phenomenon that plays a large role in many biological
processes such as morphogenesis [1], wound contraction [2], stem cell differentiation [3],
and the development of many diseases [4]. The molecular mechanisms by which cells
generate motion and force depend on a series of highly coordinated events occurring in both
the cytoskeleton and at the cell membrane. Of particular importance are the contractile
elements of the cytoskeleton, made of stress fibers (SF) [5,6]. These filaments, that assemble
from proteins present in the cytosol (including mainly globular actin and myosin), generally
anchor to the cell substrate via focal adhesions and can ultimately span the entire length of
the cell. Importantly, these filaments are capable of sustaining appreciable levels of
contraction, which they owe to the underlying actomyosin machinery powered by adenosine
triphosphate (ATP). In the past decade, a number of studies have shown that both SF density
and contraction in adherent cells were sensitive to the mechanical environment [3,7,8]; a
stiffer environment generally promotes a denser, stronger cytoskeleton and eventually cell
spreading [9]. Understanding the fundamental origin of these behaviors has motivated a
number of theoretical studies, from the cellular to the molecular level. A line of thought has
been to view cells as contraction dipoles [10] that could sense the compliance of their
substrate and accordingly polarize by minimizing their deformation energy [11]. Others have
considered the contractile cytoskeleton as an active material in which filament stability is
promoted by tension [12-14]. The molecular origin of this phenomenon was explained by
the presence of signaling pathways that induced a positive feedback for SF stabilization with
force [15]. Other classes of models, based on cross-bridge dynamics [16], have also been
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used to explain the effect of tension on cytoskeleton reorganization under static and cyclic
conditions [17]. A more thorough review of existing models was discussed in [18]. While
biochemical signaling has often been argued as a possible factor, the way by which SFs
stabilize with tension still remains an open question. In this paper, we invoke a well-known
mechanosensitive element used by biology, the catch bond, to explain both the force-
stabilization response of SFs and the development of intricate cytoskeletal architectures in
adherent cells. Such bonds are typically found on the membrane of leucocytes and bacteria
[19] and act to strengthen the adhesion with a solid substrate in the presence of an external
force. They may also play the role of rigidity sensors on the surface of adherent cells,
through specific membrane receptors and notably the asg; integrin [20]. Contrary to the
conventional slip bonds whose detachment rate increases with force as described by Bell’s
law [21], catch bonds are able to extend their lifetime under the application of a small to
moderate force. While the origin of this behavior may be complex at the molecular scale
(arising from mechanochemical interactions or multiple force-dependent bond states for
instance [22,23]), the overall response of catch bonds is quite robust across biological
systems. Of particular interest in the case of SFs is the finding, notably by Guo et al. [24],
that the actin-myosin complex does display a catch-bond behavior, with a maximum
stabilizing force around 6 pN. This observation is further confirmed by Capitanio ef a/. [25]
who measured a force-induced reduction in the detachment rate of myosin from actin after
its working stroke for forces ranging between 0 and 6 pN at high ATP concentration and
Reconditi ef a/. [26] who found similar trends in the mechanics of muscle fibers.
Alternatively, there may be other types of mechanosensitive mechanisms in the SF
machinery, which could include, for instance, a force-dependent transition among the
different nucleotide states of myosin during its mechanochemical cycle on actin. These
considerations, along with the data from Guo et a/. [24], clearly indicate the possibility of
catch bond within SFs. To investigate this hypothesis, we propose to explore whether the
existence of a catfchy actomyosin bond could be at the origin of (a) the force and stiffness-
induced SF stabilization and (b) the complex actomyosin cytoskeleton architecture observed
in a majority of adherent cells. For this, we proceed in two steps; first, we introduce an
active viscoelastic model of SF that incorporates the idea of force-induced stabilization of
cross bridges. Second, we propose a simple model of the actomyosin cytoskeleton of
adherent cells, made of a random assembly of force-sensitive SFs. A computational
procedure is introduced to predict the contractile behavior and cytoskeleton architecture of
adherent cells laying on beds of microposts. Results are discussed in the light of
experimental data from the literature.

|. MODELING STRESS FIBERS AS ACTIVE VISCOELASTIC FILAMENTS

As shown in Fig. 1, SFs are generally viewed as bundles of polar actin filaments which,
depending on maturity, can display a periodic appearance associated with the presence of
organized repeating structure of myosin and alpha-actinin molecules [27]. Myosin filaments
possess proteins domains, or heads, that have the ability to execute power strokes towards
the positive end of an actin filament. This operation, collectively, results in an overall
shortening of the actomyosin assembly at a speed that can vary depending on the type of
myosin (see discussion in Appendix A3 and Table I). Based on these observations, we
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propose to model a SF control segment as a parallel assembly of three key elements (Fig. 1):
(a) a contractile element that captures the change Adsin SF length due to the sliding of
myosin heads on actin filaments at a rate Ads= v (here vy is negative), (b) an elastic
element of stiffness & [24,32] characterizing the elasticity of cross bridges and whose stretch
Ad, is recoverable upon unloading, and (c) a bond element that represents the strength of the
actin-myosin complex. Note that, initially, the segment is in an optimal configuration, i.e.,
active actin sites and myosin cross bridges perfectly overlap and a deviation from this length
is given by Ad'= Ad; + Ad.. Now, assuming that the overlap ratio decreases linearly with
sliding Adj, the maximum number of cross bridges that can be formed during contraction is
estimated as

N(ds)=NyNz(1 = Ads/AdT™), (1)

where Ngis the number of myosin minifilaments in the control segment while N, is the
number of myosin heads per myosin filament. In this work, we choose Ad"**=¢ /4 [34] as
the distance at which the actin-myosin filaments generally cease to overlap. This relationship
is at the origin of the /ength-tension relation in muscle mechanics [35].

A. Active viscoelastic model

The dynamics and force generation in actomyosin units have traditionally been studied using
the sliding filament theory [16,36,37]. Based on the detailed kinetics and transition between
different states of myosin motors during their working cycle, the theory enables the
determination of the fraction of attached cross bridges on an actin filament as well as their
velocity and working force in terms of external conditions. Although such an approach
would provide a good starting point to our derivation, its level of details may divert us from
our main objective, i.e., understand the role of actomyosin catch bond on cell
mechanosensitivity. We therefore keep this alternative for future work and instead propose a
simplified approach which consists of investigating the equilibrium of a SF segment by
considering the balance of entropy, conservative and nonconservative forces within the
actomyosin assembly as it is subjected to an external force F.. To describe the former two
contributions, we build a Gibbs free energy functional in the form G= U—- T Swhere U, S,
and 7 are the stored internal energy, entropy, and thermodynamic temperature in the control
segment, respectively. To evaluate S, we first investigate the number of possible bond
configurations in the attached (A) and detached (D) state among the available actomyosin
bonds. If we define 0 < < 1 as the ratio Aly/ NV of attached bonds (A4 being the number of
attached bonds), the entropy of the system reads as S=—kgMAdY[nIn(n) + (L — n) In(1 -
1)] where kg is the Boltzmann constant. The internal energy of the unit is then composed of

1 .
two terms: the stored elastic energy ikAd,f and the adhesion energy £ stored in attached

bonds. This yields /=y N (Ad,)(kAd? /2 — E)- The total Gibbs energy functional can then
be written
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&[n, Ade]=k, TN(Ads)[n In(n)+(1—n) In(1-n)] +£2nN(Ads)kAdf—?7N(Ads)Eb —/ Fo0Ad.
Ad,

O]

The Rayleigh dissipation potential can similarly be written in term of the sliding velocity vg
and the external force F,as

1
@{’US]:§NTHLU§ — Fovs. 3)

The term Nnuis to be interpreted as the overall viscosity between actin and myosin
filaments while g is the viscosity arising from a single cross bridge. The latter can be
considered as a lumped representation of a number of physical phenomena occurring during
the working stroke of a myosin head, i.e., size and rate of the motor swing as well as how the
rates of attachment and detachment of the myosin head on actin depend on force [38,39].
The consideration of each individual mechanism, which is beyond the scope of this work,
would therefore likely yield a nonlinear viscosity that depends on force in a more complex
fashion than presented here. Nevertheless, the presented model, as it captures the main
trends exhibited by the above phenomena, is sufficient for the present analysis. Finally, one
now should specify the energy provided to the system by ATP hydrolysis in order to power
the sliding of myosin heads on actin filaments. For this, we introduce the active force ¢
produced by a single myosin molecule and compute the power produced in the control
segment as

A vs|=NnCuvs. (4)

It is clear here that the term ( is what drives the contractility of the actomyosin unit and may
be linked to the difference in chemical potential between ATP and its reaction products as
discussed in [40]. The governing equation of our active actomyosin filaments may then be
obtained by balancing dissipation, energy release rate, and active work. For this it is
convenient to work with the functional

F[1), Ve, V5| = D[]+ E[1), 0] — o [ 0]

whose minimization 87[7, ve, vg = 0 leads to the equation

(53 F )67+ (80, F ) 5o+ (80, F ) 505 =0.

Enforcing the fact that the variations of 7, ve, and vsare independent Sy, 6, and 6y, F
must all vanish, one can obtain the three Euler-Lagrange governing equations
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nNkAd, — Fe=0, (5)

U
Ey+k, T In (—) =0,
v 1 (6)

ps+¢ — f=0.  (7)

The first equation is interpreted as the mechanical equilibrium of the control segment, while
the second denotes its chemical equilibrium (equality of the chemical potentials) of bonds in
their attached and detached states. The last equation finally describes how the cross-bridge
velocity is affected by the balance between the active force ¢ and passive force = kAd.

Interestingly, if one defines the natural (or maximal) sliding velocity as +?= — ¢ /u, EQ. (7)
can be rewritten

vs=v)(1 = f/¢)- (8)

In the range 0 < < ¢, this relation may therefore be thought of as a simplified (bilinear)
form of the velocity-tension relationship [41] that describes how the sliding velocity
decreases if an opposing force fis applied to the actomyosin unit. This expression is
consistent with recent findings [25,26] that the myosin stroke size (and hence its velocity)
decreases with applied load. In this context, ¢ can be interpreted as a stall force, i.e., the
force that must be applied to a single cross bridge to stop its motion. Experimental
approaches have estimated its value to be around 5 pN [31] in algal cells.

B. Actomyosin catch bonds

To complete the model, we now need to express the fact that the actin-myosin complex
displays a catch-bond behavior. For this, consider the energy landscape of a single bond as
depicted in Fig. 2(a), in which AE is the energy barrier separating the bound and unbound
states. Typically, the larger the energy barrier, the longer a bond can live under thermal
fluctuations. When subjected to a tensile force £ the energy barrier of a conventional “slip

bond” typically decreases according to Bell’s law [21] as £, (f)=FE; — fAx where E is the
reference energy of the bond and Ax ~ 3 nm [28] is the width of the barrier. As shown in the
literature [24,25], actomyosin complexes are temporarily stabilized when moderate pulling
forces are applied, a response that can be interpreted as a temporary increase in the energy
barrier AEywith forces. Although a number of functions can be chosen to satisfy that
criterion, we choose here the following two-parameter function originally proposed by
Pereverzev and Prezhdo [42] as
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where a measures the “catchiness” of the bond and £ is used to scale the force at which the
bond stabilizes [Fig. 2(b)]. We note that when a = 0, the above expression degenerates to
that of a slip bond following Bell’s law. In this study, we choose £y = 4.8kgT7, f, =2.2 pN
and explore a range of bond catchiness between 0 and amax = 2.4kg7, in order to match a
maximum stabilization at = 5% [17] for a peak force of 6 pN [24], consistent with the
literature. A single value of bond stiffness A was further chosen, corresponding to nonmuscle
myosin (NMM) and smooth muscle myosin (Table I). For this parameter, values reported in
the literature are limited and very scattered, which motivated the discussion and parametric
study provided in Appendix A4. Overall, we show that the magnitude of & does affect the
kinetics and forces generated by SF, but does not affect the main trends of its response
discussed in the remainder of this paper. Using the expression for £ in Eq. (6), one finds
that the level 7 of cross-bridge attachment obeys

o - L n o\
ytall—e Jo]— fAzx—k,TIn { —— | =0.

I—n (10)

C. Stress fiber mechanosensitivity

Let us now assess the consequence of this model on the mechanosensitivity of a SF control
segment subjected to a constant external force ~by investigating its stabilization via the
fraction of attached bonds #. For clarity, we assume here that the SF does not contract
during the application of the force (i.e., vs= 0). In this case, nis directly calculated from
(10) as

‘ e~ Eo(H)/(kpT)
n(f):Wa
Tpe BN/ET)7 (11)

where the force in an attached actomyosin bond is obtained from (5) as f= A[nMAd)].
This enables us to explore the force-induced activation of the SF as a function of bond
catchiness a* = alamax. Figure 3 therefore illustrates, for different values of bond catchiness
a, how the variable 7 is affected by (a) the force fon a single actomyosin bond and (b) the
total force ~= np/Nfon the actomyosin assembly. Figure 3(a) shows that for a slip bond (a™ =
0), the steady state fraction 7 monotonically decreases with force as predicted by Bell’s law
while as a* approaches unity, the fraction of attached bond becomes close to its maximum

(»5%) for a critical force determined by fe=fo In (ﬁ). We also observe a clear
difference between the stability-force behavior for a single bond and the full segment as
shown in Fig. 3(b). Multiple bonds exhibit a cooperative behavior since for a given
macroscopic force £, the force in individual bonds increases with decreasing n. As a result,
we still see the force-induced stabilization under the critical force F.= Nn(f) 7, for a > 0 but
a catastrophic disassembly occurs for a larger force. Passed its maximum value ~,, the
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resisting force Ftherefore decreases quickly as cross bridges become unstable and detach, a
behavior is reminiscent of the fracture behavior of a fiber bundle, showing catastrophic
disassembly at critical force [43].

We next explore the behavior of the same SF segment when it is allowed to contract against
the load, i.e., cross bridges slide on actin filaments at a velocity given by Eqg. (8). In this
context, Fig. 4 provides results regarding the time history of the contraction (top panels) and
its steady state for different external forces (bottom panels). More specifically, the time
response of the SF segment was investigated by plotting the fraction 7 [Fig. 4(a)] and the
normalized actomyosin force £ = ¢ [Fig. 4(b)] for three values of actomyosin bond

catchiness a* =0, % and 1, respectively. These results show that when the applied force Fis
moderate (~is smaller than a critical value F,determined above), bond catchiness promotes
actomyosin stability which yields an increase in the fraction of activated cross bridges with
a. One also sees that this activation monotonically increases in time as the segment contracts
at a rate given by Eq. (8). However, once the force fper each cross bridge reaches its
maximum value ¢, contraction ceases and the segment reaches its maximum contraction
strain. The latter is sensitive to both applied force and bond catchiness as shown in Fig. 4(c).
On this figure, one indeed sees that the normalized segment contraction &* = Ad/Adax
decreases with the amount of tension /<. When A~ = 0, maximum SF shortening is reached
while when the tension reaches its stalling value Fg (which corresponds to a cross-bridge
force = (), no shortening is observed. One further notices that if the force increases to a
critical value Fg, the force in each cross bridge reaches its maximum capacity 7p
(corresponding to the peak force of 6 pN) and the segment ruptures. In this process, we also
note that bond catchiness plays a role in stabilizing the segment against external tension as it
delays both the stalling and the rupture force significantly. We finally show in Fig. 4(d) the
effect of applied force on the overall activation a= n* MAdy)/(Ny/N,) of attached cross
bridges. Similarly to Fig. 3, in the case of a catch bond, we observe an obvious activation of
the number of cross bridges with external force until the force in an actomyosin bond
reaches its stalling (and rupture) value. For a slip bond, however, the activation of the SF
segment is negligible and quickly reaches its maximum capacity when a force is applied.
Overall, these results point out that external tension is key to the activation and stabilization
of a SF segment and that this response is strongly dependent on the catchiness of the
actomyosin bond.

Due to its biological relevance, we now investigate the model’s prediction regarding the
stiffness sensing capability of a SF; this can be done by considering a virtual experiment in
which the control segment is attached to a rigid support on one end and to a compliant
substrate, represented by a linear spring of stiffness K on the other (Fig. 5). Assuming that
the spring is in its unstretched configuration when the SF is in its relaxed state (Ad= 0), the
external force becomes F= KAd. In Figs. 5(a) and 5(b), we show the time evolution of the

fraction of active cross bridges 7 and the contraction rate * =1, /v for an external stiffness
K= k2 and explore the effect of the bond catchiness on this process. As observed with the
constant force, bond catchiness is a critical parameter for stiffness sensing; when a* =0,
activation is insensitive to stiffness, while for larger values of a”, one sees a monotonic
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increase in SF activation with time, until it reaches a steady state. Interestingly, as bond
catchiness increases, the model predicts a slowdown of the contraction dynamics [Fig. 5(b)]
as observed in experimental studies of contractile cells (see Fig. 7). This response may be
attributed to the fact that a stronger catch bond induces larger forces fin actomyosin bonds,
which in turn yield smaller sliding velocities as predicted by Eq. (8). Beyond this dynamic
response, external stiffness is also known to strongly influence SF contraction at steady
state. In the model, the steady state corresponds to a vanishing sliding velocity vg= 0, which
translates, using Eq. (7), to the conditions that the force in actomyosin bonds is 7= . This
implies, after a simple calculation and assuming that Ad; >> Adj, that contractile force is
related to stiffness Kby

_ K
K*+7" (12)

*

where £ = A(NC), K* = Kk, and 5= n(f= (). A graphical representation of this expression
is given in Fig. 5(c) for different values of bond catchiness. This result shows that the SF
contraction force increases sharply with external stiffness for small stiffness (F ~ K" as K

— 0) and asymptotically reaches the plateau £x_ =7 for stiffer environments (when K™ >>
7). Since the value of 7 strongly depends on a*, results show that stiffness sensitivity of the
SF is highly dependent on bond catchiness: when a decreases, 7 diminishes until it reaches
an irrealistically low activation value (7 < 0.05%) when a* = 0 [Fig. 5(d)]. The model

therefore suggests that the catch-bond behavior is critical for stiffness sensing.

Il. FROM STRESS FIBER TO CYTOSKELETON

In the remainder of this work, we scale up the SF model to the cellular level in order to
investigate the effect of the catch-bond hypothesis on the mechanosensitivity of cells lying
on micropillars as measured in a number of experimental studies [44—46]. For this, we take
N¢= 20, N,,= 10 in Eq. (1) and assume that the cytoskeleton of an adherent cell initially
consists of randomly distributed network of SFs that can anchor at focal adhesion sites, with
densities that range between 5 and 15 SF per zm? [44,46] or at the cell periphery (the actin
cortex) with a density that ranges between 5 and 15 per p/m [47] (Fig. 6). Although
distributed in an isotropic fashion, the length £ of each SF is taken to follow an exponential
probability distribution given by [Fig. 6(c)]

(£)=A exp(—=AL), (13)

where A = 0.2 um is known as the rate parameter. We note that this distribution indicates that
small SFs can assemble and grow more easily than longer ones, and are thus more likely to
be found in the network [48]. Within this structure, the response of SFs follow Egs. (5)—(7)
with the difference that the elastic shortening d, and the sliding velocity vsare scaled with
the length of each individual SF. The other two important elements of the model are the actin
cortex, modeled here as a passive elastic shell surrounding the cytoskeleton and underlying
elastic microposts, coated with adhesion proteins and to which the stress fibers can adhere at
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their end sites [Fig. 6(b)]. The motion of these SFs is therefore directly dictated by the
mechanical properties of the pillars, determined by their elastic modulus £, and geometrical
properties via classical Euler-Bernoulli theory [44]:

SELI
= ( & p) -
(14)

where A is the pillar height, /, its moment of inertia, and d), the deflection of its tip. For
direct comparisons with experiments, we here model cylindrical microposts of radius r=1.5
i (Ip= /A14) and whose height / can be adjusted to control the effective lateral stiffness.
The motion of SFs anchored to the actin cortex similarly follows the displacement of the
cortex, as determined by its ability to deform through elastic stretch and bending. Although
the cortical membrane is a thin structure that completely surrounds the cell’s body, it is
approximated here as one-dimensional elastic element delimiting the cell and providing
anchor points to SFs. Its deformation is therefore mainly driven by the contraction of
attached SF as described in previous studies [49,50]. For simplicity, we use a small
deformation, linear elastic Euler-Bernoulli beam model with elastic modulus £, = 20 kPa
[51,52], such that the governing equations can be written as [53]

EcAcu =0, (15)

ECICU,XXXX - (I(% t):07 (16)

where subscripts, x denote a derivative with respect to the linear distance along the cortex.
Furthermore, A.and /. are the cross-sectional area and moment of inertia of the cortex, v
and v are its axial and transverse displacements, respectively, while g(x,) is the distributed
load arising from the SF anchored on the cortex [Fig. 6(b)]. Following [51,52], the flexural
stiffness and stretch stiffness are taken to be 1.42 x 1070 dyn cm and £, = 20 kPa,
respectively. In what follows, we use a numerical formulation, based on finite elements and
whose details are given in the Appendix, to solve the problem of an adherent cell contracting
on a bed of micropost. In agreement with previous models [9,54], we assume that neither
deformation (u = 0) nor active stress fibers (7= 0) are observed prior to contraction.
Furthermore, since the cell cortex is in its minimum energy state prior the contraction, its
initial shape can be approximated as a series of straight lines between the adhesion sites on
the boundary. The nonlinear finite element procedure is then used to compute SF shortening
and contractile force [from (5) and (6)] in equilibrium with the surrounding pillars and the
cortex at all times as the cell contracts. A steady state is eventually obtained when the force
in all cross bridges balances the active force (.

A. Cellular scale mechanosensitivity

To assess the global mechanosensitivity of the cytoskeleton, we first numerically reproduce
the experimental work described by Tan ef al. [44] on smooth muscle cells (BPASMC) in
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which the cytoskeleton contractility was measured as a function of the overall cell spreading
area. For this, our simulations considered square-shaped two-dimensional smooth muscle
cells (whose properties are given in Table I) laid on a square lattice of 4, 9, and 16
microposts, respectively. The average contraction force on each pillar was then computed
from the micropost deflection [following Eq. (14)]. A nonlinear relationship was reported
between average force and cell area as shown by the average and standard deviation plots in
Fig. 7(a). In the same figure, we show the simulation results at steady state for the three cells

under investigation when an actomyosin slip bond (a* = 0), a moderate (a*zé) and a strong
actomyosin catch bond (a* = 1) are considered, respectively. The distribution of active SF
and cell deformation are also shown for the three cases, all of them in the case a” = 1.
Generally, the results show that, once again, bond catchiness is an important factor to
mechanosensitivity and contraction. Indeed, when a* = 0 (slip bond), myosin contraction
immediately triggers the detachment of cross bridges, which results in a near-zero net
contraction of the cell as a whole. For increasing bond catchiness, however, SF that are
locally oriented in directions of large stiffness (between two attachments, for instance)
become activated and are able to apply a contractile force. Furthermore, it became clear
from the simulations that while all posts are subjected to pulling forces from SFs, only those
close to the cell boundary could undergo significant bending. Indeed, forces are unbalanced
on these pillars since no SFs can be found on the external side of the cell, a mechanism
reminiscent of the concept of surface tension between two fluids with different internal
cohesive energies. From this observation, one can deduce that cell contraction increases
nonlinearly with area for two main reasons: (a) for a cell undergoing homogeneous
contraction, the deflection of external pillars, and thus measured force, is proportional to its
distance to the center of the cell (in average) and (b) the effective stiffness felt by a SF
increases linearly with distance (and thus cell size) according to K, = K82 (a discussion is
provided in the next section). In other words, larger cells behave as if they interacted with a
stiffer environment and are thus characterized with a higher contraction [as seen in Fig.
5(c)]. We next evaluate model predictions regarding the transient dynamics response of
adherent cells on microposts with varying stiffness. For this, we invoke the experimental
work of Trichet et al. [46] who explored the time-dependent contractile response of
fibroblast (REF52) cells on pillars with effective bending stiffness 12, 34, 56, and 80 nN/zm,
respectively [Fig. 7(b)]. Generally, contractile forces increased monotonically with time, at a
decreasing rate until it reached a plateau, which corresponds to the steady state force.
Interestingly, while the overall trends to do change with micropost stiffness, the scale of the
contractile force does increase significantly with post stiffness. Modeling wise, these
experimental conditions were reproduced by considering a square cell laying on four
microposts [see Figs. 7(c) and 7(d)] and for which the average post force was computed in
time, for the four effective pillar stiffness given above. A comparison of simulations (solid
lines) and experimental results (dotted lines) provided for the case of a strong catch bond.
One observes a good match between simulations and experiments for strong catch bond
since the stabilization of bond with force allows SF to contract faster (since less force is
applied on each bond) and harder (since more cross bridges are active) when they interact
with stiffer substrates while these trends disappear when slip bonds are considered [as shown
in Fig. 5(c)]. This observation was confirmed when we plotted the rate of contraction in
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terms of substrate stiffness for nonexistent, moderate, and strong catch bonds as shown in
Fig. 7(c). One can clearly see that when a* = 0, the cytoskeleton becomes insensitive to the
mechanical properties of its substrate.

B. Mechanosensitive organization of the cytoskeleton

To conclude our study, we finally investigate how the mechanosensitive response of a SF
segment as described by Egs. (5)—(7) can give rise to a complex architecture of the actin
cytoskeleton observed in most adherent cells. In this context, we simulate the contraction of
a fibroblast cell (NIH/3T3) on soft circular pillars as presented by McGarry and co-workers
in [12]. The initial cell geometry and underlying pillars are represented in Fig. 8. This
geometry was generated by identifying the microposts located on the cell boundary from the
experimental image and assuming that the cortex is described by straight lines between those
posts in its unloaded state. For the simulations, the pillar stiffness was taken to be 80 nN/um
and the cytoskeleton contraction was computed until it reached its steady state value (on the
order of hundreds of seconds). Figure 8(I-111) depicts the evolution of the stress fiber
activation a= n* M&g)/(NyxN,), cortex deformation, and the corresponding overall force per
pillar when the strong catch bond hypothesis is used. Surprisingly, one can see that although
smaller SF are predominant as dictated by the distribution (13), the first SFs to activate are
the longest. To explain this counterintuitive observation, let us consider two similar SFs of
different lengths, attached to compliant microposts of stiffness Kat their ends. The effective
stiffness felt by these SFs is then K, = Ae where e = Al is the contractile strain in the SF.
For a micropost, the force is related to deflection as F= KAdwith Al = 2Ad and the effective
stiffness becomes K, = K02. In other words, longer SFs effectively sense a larger stiffness
than their smaller counterparts, which explains their early activation. Eventually, the
deflection of microposts and cortex trigger a larger resisting force causing small SFs to
increase their activation level as well. These dynamics result in a sharp increase in SF
density and micropost forces and a steady increase of the average pillar force in time. We
note that as discussed above, the unbalanced forces on boundaries are responsible for the
cortex deformation into curved arches [50] and the large micropost deflection on the edge of
the cell. On the contrary, interior pillars, being subjected to more isotropic forces, tend to
marginally deform. This restricted deformation, in turn, makes interior posts effectively
stiffer and prone to adhere to a higher number of SFs. Eventually, the final cytoskeleton
organization is strongly dependent on the adhesion pattern, micropost stiffness, as well as
the overall morphology of the cell. To probe the effect of bond catchiness, we repeated the
same simulation for the moderate catch bond (a* = 0.5) and slip bond (a* = 0) hypotheses.
While the former displays similar trends as for a strong catch bond but with a lesser SF
activation and force, the slip bond hypothesis showed, as expected, only marginal
contraction and a quasinonexistent SF cytoskeleton [Fig. 8(b)].

I1l. CONCLUSION

In summary, the role of catch bonds in cell mechanics is likely to extend far beyond our
current knowledge of mechanosensitive membrane adhesion. Here, we presented a model of
actomyosin interactions within SF structures that shows that the presence of a catch-bond
behavior can explain the activation of the cytoskeleton in response to force and stiffness. The
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model importantly showed that the consideration of catch bond was enough to explain a
number of experimental measurements of cell contractility with stiffness and size, in both
the static and dynamic regimes. Although the catch-bond behavior of actomyosin was
demonstrated ex vivo [24], the model motivates further experimental studies that can test
whether this hypothesis is indeed correct in living systems.
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APPENDIX A

NUMERICAL IMPLEMENTATION OF THE MODEL AT THE CELLULAR
SCALE

1. Variational formulation

The cell contraction is governed by three equations given in (5), (6), and (7). One can also
estimate the degree of inelastic contraction in a SF as

Ad(t)= / RAOL .

and lid, — dqll = [TAd; (9 + Ad]dl is the total contraction of a SF calculated from the
displacements of its two ends d1 and ds. In the cellular scale model, the total change in
energy of the system & is composed of three components: a contribution &#SF from SFs, a
contribution & from the cortex deformation, and, finally, a contribution &4 from the
microposts deformation such that

my mo

F=Y. [ Fadtr [ Ear+ Y&
n=1" J T n=1 (AZ)

where /m and m, are the total number of SFs in the cell and number of attached pillars,
respectively. The first term is the integration of the free energy of SFs over their respective
lengths £ the second term is the integration of the internal energy of cortex over the
boundary T, while the last corresponds to the bending energy of the microposts. Note that
the work done by an external force is comprised in the first term such that it is equal to the
integration of the external forces over the cell boundary T':

mi1

S / (F.6Ad, )dl= / £ . 5ddr,
n=1 r (A3)
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where et being the force vector on the cell boundary and d the associated displacement

field. The stored elastic (bending) energy £ in a micropost reads as

1
EA=2

(3E,,1,,
2

h3 )(p)Q’ (A4)

where d; is the total deflection of the /th micropost which is equal to the resultant of the

displacement field dp:(dierf,)(l/Z) and dy, d),are the horizontal and vertical components of
the displacement vector (in our predefined orthonormal coordinate system). The work
contribution from the cortex finally originates from both axial deformation and bending;

assuming that these modes of deformation are uncoupled, one can write £¢:

0dy 4 )0
g0t [ 20 g 4Py o 2/ 6dL 6deX”’

where ¢y =d;- (1 -n)and d| =d,- n are the axial and transverse components of cortex
deformation and n is the unit normal of the corresponding cortex segment with a length L.
The integral of the cell cortex is over its axial direction x; (see Fig. 9). Since SF are assumed
to not separate from adhesion complexes, the displacement field of the system can be written
in terms of those of cortex d = d-and pillars d = d,. Based on variational principles, total
work functional can be written as

(6a.7)5d+(8,F )31+ (80, F)50s=0.  (Ap)

This ultimately leads to

- n m O m 3EPIP m
3 / (OAd")pAd"NKdL| + |3 (6d7) 2 )4

a4d)| ad), 92%6d | 0? dl
cAc E.l. d
+/ |:6x| ( )61‘” 61: ( ) x“

{i / SAd)Ad, (¢ )dee}

+ [ / . (6d)fe"tdr} =0, (A7)
?:1 / (on) [Eb+kBTln (ﬁ)} d0=0, o
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% / (605){—vs /0041 — K[Ad — Ady(t)]/C}de=0,

n=1

where the assembly operator .«7; establishes the connection between the index of each SF
and the index of their connection with the cortex of microposts. This concept is well known
in the finite-element literature.

2. Finite-element implementation

In the proposed model, SF reach a pseudoequilibrium state when the variation of the work <
is minimized with respect to the field variables comprised of two displacements (dyand d),

where d2:di+d§), rotation of the cortex segments 6, activation parameter 7, the
contraction dj, and its rate v, Here, we introduced a new variable 6, (defined as the first
derivative of the transverse displacement with respect to the axial direction 8,= dd,/0x) in
order to satisfy the continuity of the cortex deformation. The rotation can be written as
tan1(2d /L) for a discrete cortex segment, and assuming that rotations are small 8, ~
(2d,/L ). The balance equations (A7)—(A9) are collected in a residual form as a function of

the variables

R(x,t)=0 where x=[ugzu,f.nv4].

The linearized form of the system of equations is obtained as follows:
OR(x,t)

—— = 0x+R(x,)=0.

ox OHROGD=0- 0

A numerical solution of this equation is obtained using the finite-element (FE) method.
From this viewpoint, we use simple structural elements to model SFs, frame elements to
describe the cell cortex [53], and connector elements for the connection between SFs and
adhesion sites (to enforce the no separation condition with the penalty method). The
equilibrium solution is then found using a standard Newton-Raphson iterative procedure in
the form

x"H=x"4oxF, (A12)

where K (x) = 0R(x)/0x. Regarding the FE interpolation, we use linear shape functions N for
displacement, Hermitian shape functions H for the cortex rotation, and transverse
displacement and constant shape functions for both activation and contraction rates as
follows:
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wlzNWZ[Nl NQ]W,
wQ:Hw:[Hl H2 H3 H4]W

w3=w,

where V(&) = (1 - &I2, No( = (1 + 2, H(E) =1-3EIF + 28I B, Hy(&) = £- 2821+
EIP, Hy(&) =38P - 281 B, and Hy(&) = -1+ £, £ being the coordinate in a
parametric space comprised between —1 and 1. For the mechanics part of the problem
stiffness matrix K takes the form

N
Kom=, /TT—N(Ad") R Tl

dNT ( 3E,1, ) dN
dx h3 dx

dNT dN
ya
dx (E 4 ) dX

~rd?H” d’H
+[TT (Bl 5 }dF}

x of, TT

x;zfl{ T

where

KU1U1 Kulug Kulec
Kim= | Kuyur  Kugus Kugﬁ(;
K, Ky Ko.0.

cul cU2

The transformation matrices (T and 'f) from local to global are

c s 0 0 N R O
T_{O 0 ¢ s}’T_{O R}’

o

where R=| —s

(a]
SO0 ®»

where ¢ = cos(6) and s= sin(6) For the force-activation coupling the stiffness matrix term is
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N7 N
KT K7 ]Tgfl/{TTdd—N(Adg)kd—Tu} dv.
. X

wuinTu2n dX

The stiffness tangent for the activation parameter is
1
K= / kT )| dt

and its coupling with the force on the SF is

Ko Kyl = [ [ ({ales(—f/f0)] - Ach ) af].

And finally the stiffness tangent term for the dissipation is

) O / —1/0%de,

dNT —k dN
Kv u Ku ug |=— TT—— —_— .

The final form is

Kulul Ku1u2 Ku19.; Kuln Kulvs
KUQUl KUQUQ Kugé)c K’ugn K’ug’us

K=| Ko, Kopu, Koo 0 0 :
K7IU1 K7IU2 0 Kvm 0
KUSul KUSul 0 0 K’UsUs

After solving the system of equations, one can calculate the total contraction as

ds(tFH) =ds (t7)+ s (5T dt.

An overview of the computational algorithm in given in Fig. 10.

3. Model parameters and differences between nonmuscle myosin and smooth muscle

myosin

Page 16

A summary of the model parameters used in our study is given in Table I. We note here that
there exist some significant differences in the properties of myosin heads based on their

types.
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Kinetics—In the literature, it is reported that the sliding velocity of myosin heads ranges
from 0.05 [55,56] to 2 um/s [34] in nonmuscle myosin Il and from 0.3 [57] to 0.8 um/s [58]
for smooth muscle myosin. In this study, we have only investigated the dynamical behavior
of NMM [Figs. 7(c) and 7(d) and 8] for which a sliding velocity v =1 gm/s was selected
consistent with experimental measurements in fibroblasts [34]. We note here that results on
smooth muscle cells presented in Figs. 7(a) and 7(b) are at steady state and thus independent
of the chosen value of sliding velocity. Nevertheless, for those cells, our model would
predict contraction-time relationships that are similar to those presented in Fig. 7(c) but
characterized by different time scales (due to differences in sliding velocities [34,56,59]).

Mechanical properties—Regarding the mechanical properties, cross-bridge stiffness for
the skeletal muscle cells ranges from 130 [60] to 2400 pN/um [61-63]. In the literature,
there is a lack of data about the actomyosin bond stiffness for the smooth muscle and
nonmuscle cells investigated in this paper. In order to be consistent with previous studies
[32,33], we, however, chose this stiffness to be 600 pN/um throughout the investigation of
cellular mechanosensitivity. Although our selection may be inaccurate in certain cases, we
note from Fig. 11(b) that the effect of cross-bridge stiffness on the rate of contractile force is
insignificant.

Catch-bond properties—We used the catch-bond data of skeletal muscle cells due to the
lack of experimental data for both nonmuscle and smooth muscle cells. Our choice for the
critical force (7, of 6 pN, however, does not affect the trends of the catch-bond behavior.
This choice would only change the maximum load that a SF can carry and would change the
SF density at the cellular level. As the critical force 7, reduces, the SF density in the cell
should increase in order to match experimental data [46].

4. Effect of actomyosin bond stiffness on mechanosensing

The reported data on the actomyosin bond stiffness is limited to skeletal muscle cells from
different animals (rabbit and frog). It is furthermore very scattered; for instance, measured
values for rabbit skeletal muscle cells range from 130 pN/zm [60] to 1700 £ 700 pN/gm
[61,62], while it has been estimated to be between 1000-2200 pN/um [63] for frog. Because
of this variability, we propose here to perform a parametric study to better understand the
effect of bond stiffness A on mechanosensitivity and contraction dynamics, as predicted by
the model in the case of a strong catch bond (a” = 1). We chose three stiffness values & = 10,
100, 2000 pN/um and investigated the SF response under the virtual experimental setup
presented in Fig. 5. In the results reported in Fig. 11, one sees that actomyosin bond stiffness
affects both the SF sensitivity to external stiffness and the rate of SF activation. Figure 11(a)
indeed shows that the contractile force of the SF becomes weaker as & decreases, such that
when &= 10 pN/um, a quasi-inexistent contraction is observed. This follows from the fact
that highly compliant cross bridges can only apply little force even in the case of large
contraction strains. Figure 11 b further shows that the rate of SF activation aincreases with
bond stiffness. However, regardless of bond stiffness, we observed that the key trends
exhibited by the model are always consistent both at the SF and at the cellular levels. In
other words, bond stiffness and SF density can always be adjusted accordingly to match
model predictions and experimental measurements at the cellular level, without modifying
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the trends shown in this paper. This motivated our choice of fixed value A= 600 pN/um for
our simulations.
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FIG. 1.

Overview of the contractile machinery of adherent cells from the molecular to the micron
scale. (a) At the molecular scale, the dynamics of contraction starts from the motion of
myosin motors that can attach to actin filaments and walk along them via coordinated
configurational changes of the myosin head powered by ATP. The stability of these cross
bridges is affected by the applied load 7. In this study, this unit is modeled by a series of
three elements comprised of a contractile element (whose contraction rate is vg), a compliant
element of stiffness 4, that captures the elasticity of the cross bridge and an “adhesive”
element that represents the bond between actin and myosin. (b) A SF segment is primarily
made of aligned and polarized actin filaments cross linked by a series of thick actin
myofilaments whose motion along the actin tracks is facilitated by the motion of cross
bridges. The overall SF contraction strain and force depend on the force generated by each
individual myosin head and the number of attached actomyosin bonds, whose fraction is
represented by the variable 7. This organization can be represented by a parallel assembly of
single cross-bridge elements shown in (a) which may be in an attached and detached state.
(c) Assembled in series, these segments make up SFs which constitute the main contractile
element of adherent cells. SFs typically organize into a well aligned network whose
elements can span a cell between two adhesion points. vgis the sliding velocity, fis the
external force against contraction, kis the actomyosin bond stiffness, Ad is the contraction,
Ad, is the elastic stretch of the bond, 7 is the ratio of the number of attached cross bridges to
that of total available cross bridges MAdS) at contraction Adk.
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FIG. 2.
(a) Energy landscape of the actomyosin bond in the direction of applied force. The bond

needs to go over the energy barrier (or transition state) in order to switch from its bound to
unbound state. For a catch bond, the height of the energy barrier increases with moderate
force until it starts decreasing for larger magnitude. This ultimately yields a force-induced
stabilization of the bond. (b) Relationship between the height AE, of the energy barrier and
applied force as predicted by the Pereverzev and Prezhdo model [42] used in this study, for
different values of bond catchiness a*. The case a* = 0 corresponds to a slip bond response.
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FIG. 3.
Effect of (a) local (on a single cross bridge) and (b) global (on the full SF segment) force on

the fraction 7 of bound actomyosin bonds in the SF segment in the absence of cell
contraction (vg = 0). Predictions are shown in the case of an actomyosin slip bond a* =0,
moderate catch bond a* = 0.5, and strong catch bond a* = 1. These results clearly show the
force-induced stabilization of the cross bridges as the bond catchiness is increased (a). They
also show a dramatic disassembly of the actomyosin bundle when the applied force ~*
reaches its critical value (b). 7~ = fi¢and A~ = A (.
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FIG. 4.

Investigation of a SF segment as it is contracting under a constant load ~* = A/ for different
values of normalized bond catchiness a* = 0,0.5 and 1. Top figures: (a) fraction of attached
cross bridge nand (b) force £ = fi¢ on an active cross bridge as a function of time for A =
1.2. Bottom figures: (c) normalized steady state SF contraction §*=Ad,/Ad>** and (d)
activation a= n* MAdy)/(N,/N,) of an SF segment as a function of applied force 7. The
symbols + and O indicate the points at which the SF segment stalls and ruptures,
respectively.
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FIG. 5.
Investigation of a SF segment as it is contracting against a spring of normalized stiffness K*

= Kl kfor different values of normalized bond catchiness (a* = 0, 0.5, and 1). Top figures:
time evolution of (a) nand (b) shortening velocity * =, /0¥ for a spring stiffness K* = KTk
= 0.5. Bottom figures: (c) Relationship between the external stiffness K* = Klkand the
contractile force 7 = A ¢ applied by the control segment at steady state for different values
of bond catchiness a*. The relationship between maximum contractile force % and bond
catchiness is shown in (d).
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FIG. 6.
(a) Schematic of a two-dimensional adherent cell on microposts of length (L) within which

the contraction of the SF cytoskeleton is balanced with micropost bending (tip deflection A)
and cortical tension. In the equivalent two-dimensional problem, the anchoring point for SFs
is divided into two domains: the tip of microposts Q4 and the cortical membrane Q,. (b) The
microposts resist SF traction by providing a reaction expressed by (14) while the cortical
tension balances these forces through bending as expressed in (15). (c) In its initial state, the
cytoskeleton is modeled with an isotropic and random distribution of SF spanning adhesion
points and whose length follows an exponential distribution expressed in (13).
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FIG.7.
(a), (b) Effect of cell area on contractility. (a) Predicted SF distribution for smooth muscle

cells (BPASMC) lying an a micropillar substrate consisting of 4, 9, and 16 pillars,
respectively, all assuming a* = 1. With a fixed pillar radius and spacing of 1.5 and 6 gm, the
cell spreading areas are respectively 140, 440, and 900 zm?, consistent with experimental
conditions presented in the work of Tan ef al. The density of anchoring sites for SFs used to
match experimental results are respectively 7 per zm? on the pillar surfaces and 6 per zm on
the cortex. The micropost bending sitiffness is 32 nMum [44]. (b) The average force per
pillar was computed for the three cell sizes under the hypothesis of an actomyosin slip bond
(a* = 0), moderate catch bond (a* = 0.5), and strong catch bond (a* = 1). The predicted
values are compared with experimental results represented by vertical bars (whose positions
and lengths depict the mean and standard deviations of the measurements [44]). (c), (d)
Dynamics of fibroblast contraction as a function of substrate stiffness. (c) The evolution of
contraction with force was investigated with a square cell lying on four pillars, for which the
effective stiffness K= 3Ep/p//73 [Eq. (14)] was varied between 12 and 80 nMum. For these
simulations, the density of SF anchoring sites was chosen to be 9 per zm? on the pillar
surface and 12 per um on the cortex. The curves show the evolution of the contractile force
per pillar in time as predicted by the model for a* = 1 (solid lines) and measured
experimentally for the fibroblast cells (REF52) investigated in Trichet et a/. [46]). (d) Role
of bond catchiness on the rate of cell contraction at early times (#= 0) as a function of
micropost stiffness (K'is comprised between 0 and 80 nMm). The dashed line and vertical
bars (mean and standard deviations) are experimental data taken from the study of Trichet ef
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al. [46]. The density of SF anchoring sites were chosen as 10 per zm? on pillars and 12 per
4m on the cortex, respectively, while the micropost radius and spacing are 1.5 and 6 zm,
respectively.
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FIG.S8.

(a) Time sequence of the SF activation a= M &) n/( NNy of a fibroblast cell (NIH/3T3) on
micropost studied by McGarry et al. [12]. The radius, spacing, and stiffness of the
microposts are 1.5, 10 zm and 80 nN/um, respectively. For this simulation, the density of SF
anchoring site was chosen to be 8 per zm? on the pillars and 6 per zm on the cortex,
respectively. (b) Corresponding average force per pillar shown as a function of time for three
types of actomyosin bonds as characterized by a* ranging from strong catch bond (a* = 1)
to slip bond (a” = 0). Circles correspond to time points I, I, and 111 in (a) while the dashed
line shows steady state experimental measurements from [12].
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FIG. 9.
Schematic of the assembly of the comprising elements: cortex, pillars, and SFs. There are

nodes only on the cell boundary, which are shared by either SF cortex or SF pillar coupling.
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FIG. 10.
Algorithm used to solve (A7)—(A9).
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FIG. 11.

Parametric study of actomyosin bond stiffness (A= 10, 100, and 2000 pN/xm) using the
control segment connected to a linear spring. (a) Normalized contractile force 7 = A as a
function of normalized external stiffness K* = K72000. One sees that the stiffness sensing
ability of the SFs increases with bond stiffness 4. (b) Activation parameter a versus time for
K* = 0.5. The rate of cross-bridge activation also increases with bond stiffness 4.
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TABLE |

Parameters for the SF model.

Parameter M eaning Value

Ax Width of the energy barrier 3nm [28]

A Normalizing force 2.2pN

E Reference energy of catch bond 1.98719)

a Bond catchiness 2.4 kgT

Ny Number of myosin heads per filament 20 [17]

N¢ Number of myosin filament per bundle 10 [29,30]

/ Length of the control segment 1 tm [29,30]

T Absolute temperature 300 K

¢ Stall force 5 pN [31]

k Actomyosin bond elasticity 600 pN/um [32,33]

v Maximum contraction velocity of SF 1 um/s [34]
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