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1. Supplementary figures

Figure 1: Negative durotaxis of single cells in a sample of 200 µm in length for a cell expressing slip bonds and seeded at E ≈
3 kPa. (a) Actin (black) and myosin (blue) densities at the front (dash) and rear (solid) of the cell. (b) At the front and rear
of the cell: polymerization velocity (dot-dash) and retrograde velocity at the cell membrane (dash). Total protrusion velocity
(solid). Negative velocities are in black, and positive velocities are in blue. (c) Membrane tension (black) and cell radius (blue).
(d) Position (black) of the cell rear (solid) and front (dash) and stiffness (blue) seen by the cell front and rear. At steady-state,
(e) actin (black) and myosin (blue) densities, (f) retrograde flow in the lab (black) and cell (blue) frame, and (g) tension of the
actomyosin network. (h) Kymographs of the actin density, myosin density, adhesion friction, and retrograde flow velocity.

Parameters

µF [kPa·s] 10 [1, 2]
η0 [kPa·s/µm2] 0.05 [1, 3, 2]

ζ [kPa] 0.05 [1, 4]
k 0.1 [2]

DF [µm2/s] 0.2 [1, 5]
D [µm2/s] 0.4 [1, 5]

kd 0.1 [6, 7]
kp 0.1 [6, 7]

δ [nm] 2.2 [8]
kon [s−1] 250 [8]
L0 [µm] 10 *
Lb [µm] 0.3*L0 *

τstall [nN/µm] 0.4 *

Table 1: Model parameters, values
adopted, and references to publications
where they were obtained. * indicates
values used in this work.
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Figure 2: Positive durotaxis of single cells in a sample of 200 µm in length for a cell expressing slip bonds and seeded at E ≈
0.3 kPa. (a) Actin (black) and myosin (blue) densities at the rear (dash) and front (solid) of the cell. (b) At the front and rear
of the cell: polymerization velocity (dot-dash) and retrograde velocity at the cell membrane (dash). Total protrusion velocity
(solid). Negative velocities are in black, and positive velocities are in blue. (c) Membrane tension (black) and cell radius (blue).
(d) Position (black) of the cell front (solid) and rear (dash) and stiffness (blue) seen by the cell front and rear. At steady-state,
(e) actin (black) and myosin (blue) densities, (f) retrograde flow in the lab (black) and cell (blue) frame, and (g) tension of the
actomyosin network. (h) Kymographs of the actin density, myosin density, adhesion friction, and retrograde flow velocity.

Figure 3: Time and space evolution of cell spreading. (a) Actin (black) and myosin (blue) densities at the left (dash) and right
(solid) fronts of the cell. Left and right variables are superimposed as a result of their symmetric distributions. (b) At the front
and rear of the cell: polymerization velocity (dot-dash) and retrograde velocity at the cell membrane (dash). Total protrusion
velocity (solid). Negative velocities are in black, and positive velocities are in blue. (c) Membrane tension (black) and cell
radius (blue). (d) Kymographs of the actin density (top), myosin density (center), and retrograde flow velocity (bottom). At
steady-state, along the cell length, (e) actin (black) and myosin (blue) densities, (f) retrograde flow at the cell (blue) and lab
frame (black), and (g) tension of the actin network.

2. Clutch model

The ”motor-clutch” model [9] uses a stochastic approach to analyze the effect of substrate stiffness in the
tractions exerted by the cell. This conceptual framework includes some of the most important mechanisms
in cell adhesion, pulling forces of myosin motors inside the actin network, which induce an F-actin retrograde
flow, and the binding and unbinding dynamics of adhesion clutches with the ECM.

Actin filaments flow from the cell’s leading edge where adhesions form towards the cell center. Inside
an AC, the molecular clutches link the actin filaments with the ECM and are allowed to bind and unbind.
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Parameters Slip Catch
[9] [14]

E (kPa) 0.1 - 100 0.1 - 100
a (nm) 447 1700

nc 75 1200
κc (pN / nm) 5 1000
kont (µm2 / s) 1 2.11e-4
dint (int /µm2) 1 300
koff,slip (s−1) 0.1 -
Fb,slip (pN) 2 -
Fm (pN) 2 2
nm 75 800

vu (nm / s) 120 110
konv kPas−1) - 1e8

intadd (int /µm2) - 24
mr (int /µm2) - 15000

Table S 2: Parameters adopted for the clutch
model of cell adhesion. For the slip case, the
model parameters are obtained from [9], and for
the catch bonds with talin reinforcement is ob-
tained from [14]. The unbinding rate is consid-
ered to follow a cycle of mechanical reinforce-
ment, following k∗off = 0.00079938 e(Fc/8.16) +

10.14 e(−Fc/6.24) + 900 e(−Fc/0.01) [14].

The molecular clutches are made of several adaptor proteins, among which the most important are vinculin,
talin, integrin, and fibronectin. Vinculin binds to talin. Talin links the actin filaments at the top, to the
integrin at the bottom. Finally, the transmembrane protein integrin, connects to a ligand in the ECM, like
fibronectin. Usually, only one type of bond is considered, which is assumed to be the ”weakest link” in
the adhesion chain. Bound binders deform and transmit force to the underlying substrate. Moreover, the
stiffness of the substrate controls the force loading rate, i.e. the speed at which force is built on bound
clutches, thus influencing the resulting cell traction and retrograde flow. The model is computed through
Monte Carlo simulations.

In short, the model is built as follows: Inside each MC simulation, at each time step, the molecular
clutches are first allowed to bind to the F-actin bundle with the binding rate kon:

kon = kontdint, (1)

where kont is the constant binding rate and dint is the density of integrins on the membrane.
Then, the bound clutches can unbind following their dissociation rate k∗off . Binders following a slip behavior
have an unbinding rate that increases exponentially with force according to Bell’s Model:

k∗off = koff,slipe

(
Fc

Fb,slip

)
, (2)

where koff,slip is the dissociation rate in absence of force, Fb,slip is the characteristic bond rupture force,
and Fc is the force inside one binder:

Fc(i) = κc(xc(i) − xsub). (3)

κc is the stiffness of the clutch, xc(i) is the displacement of the molecular clutch i and xsub is the displacement
of the substrate. In the catch bonds, the k∗off becomes:

k∗off = koff,slipe

(
Fc

Fb,slip

)
+ koff,catche

(
−Fc

Fb,catch

)
, (4)

where koff,slip and koff,catch are the dissociation rates in absence of force via the slip and catch pathway
respectively. Fb,slip and Fb,catch are the characteristic bond rupture forces via the slip and catch pathway,
respectively. We will refer to the model of a cell expressing slip or catch bonds without talin reinforcement
as slip and catch cases, respectively. All binders behave independently of the others, and the time at which
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one event happens is computed, e.g. for the binding event, as:

τi =
− ln ξi
kon(i)

, (5)

where ξi, i = 1 . . . nc, are independent random numbers uniformly distributed over [0, 1], and nc is the total
number of binders. The time of all possible events is computed and only the events happening before a fixed
time step ∆t are executed.
After all the binding and unbinding events have been updated, the bound probability Pb is calculated as:

Pb =
neng
nc

, (6)

where neng is the number of engaged binders. The clutches and the substrate are treated as simple Hookean
springs, i.e. the applied force scales linearly with respect to the displacement. Thus the force on the substrate
Fsub is:

Fsub = κsubxsub. (7)

The actin velocity vf is inversely related to the substrate force Fsub, as a loaded substrate will decrease the
movement of the actin filaments. The force-velocity relation is given by:

vf = vu

(
1 − Fsub

Fstall

)
, (8)

where vu is the unloaded velocity of myosin and Fstall is the total myosin motors stall force, defined as:

Fstall = nmFm. (9)

Fm is the stall force of one myosin motor and nm is the number of motors. Once the state of the cluster
with free and bound clutches is found, the F-actin velocity is calculated using the value of Fsub, and bound
clutches are displaced by ∆x = vf∆t. The new displacements of all clutches xc(i) are computed, and the
new displacement of the substrate becomes:

xsub =
κc
∑neng

i=1 xc(i)

κsub + nengκc
. (10)

From the displacement of the substrate, the force against which the myosin motors are working, Fsub, is
determined and is used to get the actin velocity for the following time step. Also, the force along each
molecular clutch is obtained and is used to compute the rate k∗off for the next step.
The Young’s modulus E of the substrate is related to the substrate stiffness κsub through the relation [10]:

κsub =
E4πa

9
, (11)

where a is the radius of the AC. Moreover, the cell traction P applied to the substrate is computed as:

P =
Fsub

πa2
, (12)

where πa2 is the area occupied by the nc molecular clutches considered in the AC.

The clutch model was extended in order to consider the effect of talin unfolding and vinculin binding in
the adhesion behavior [11]. Here, the binding and unbinding rates exactly refer to the integrin-fibronectin
bond, which is considered to behave as a catch bond. Talin unfolding is a mechanosensing event triggered by
force: the actin-integrin adaptor protein talin unfolds under force and exposes binding sites to vinculin. Talin
unfolding follows a slip bond behavior, i.e. when a force is applied, the unfolding time decreases exponentially
with force. For low forces, integrin unbinding is faster than talin unfolding (the binder breaks and the force
goes to zero), whereas, for high forces, talin unfolding is faster. Therefore, above a stiffness threshold,
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talin unfolds revealing cryptic vinculin binding sites, and vinculin binds leading to integrin recruitment and
adhesion reinforcement. Below that stiffness threshold, integrins unbind before talin can unfold, so no more
integrins are recruited. As talin is not modeled as a protein with its proper spatial position, though its
unfolding mechanics is taken into account, we consider the binder chain spatially made of substrate and
integrin, directly bound to actin, so we define the displacement of the integrin as xint(i) = xc(i) − xsub.

Now the binding rate kon in Eq. 1 evolves over time, as the density of integrins dint can change. At each
time step, the unbinding rate k∗off (F ) for the integrin-fibronectin catch bond and the unfolding rate kunf (F )
for the talin slip bond, are computed for each bound clutch. Unbinding and unfolding times are determined
stochastically according to k∗off and kunf . If unfolding happens before unbinding, then either vinculin can
bind to talin with a force-independent rate konv, or talin can refold with the rate kfold(F ).

If vinculin binding occurs, there is adhesion reinforcement and the integrin density, dint, is increased
by intadd integrins/µm2. If vinculin binding does not occur, then integrin density is decreased by intadd,
reflecting that adhesions shrink if force application is decreased [12] [13]. However integrin density is never
allowed to go below the initial value, nor above the maximum integrin density, mr, as integrins cannot
be closer than a minimum distance. We call d0int the initial density of integrins. This model with talin
reinforcement has been able to explain the experimental results in Mouse Embryonic Fibroblasts (MEFs)
[14].
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