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ABSTRACT Cells moving on one-dimensional lanes exhibit a large variety of coexisting morphodynamic states. MDA-
MB-231 cells can show steady or oscillating length while moving, or they can be stationary with steady or oscillating
length. Some moving cells exhibit only oscillations of the back protrusion, and some oscillating protrusions at the front
and back. The latter state has not been reproduced by any biophysical model, yet. We present a biophysical model for
one-dimensional cell motion, which reproduces the variety of motion characteristics observed in experiments. It describes
the motion of the body, the front and the back protrusion of a cell, and is based on the force balances at the protrusions
edges, protrusion interaction by membrane tension, and the noisy clutch of retrograde flow friction. Integrin signaling
controls drag and friction coefficients. Oscillatory morphodynamics arise from stick-slip transitions of the clutch mechanism.
Additionally, our model formulates the idea that integrin in nascent adhesions activates Rac, which increases the F-actin
network extension rate. This amplification of the polymerization rate at the front protrusion gives rise to moving states with
two oscillating protrusions. The increase of the polymerization rate accelerates retrograde flow, making disengagement of
the clutch at the front more likely. Therefore, repeated pulling of the back protrusion more significantly affects the motion of
the front protrusion. Front oscillations are thus induced by back oscillations as a result of mechanical protrusion interaction.
The refined model reproduces all morphodynamic states of one-dimensional cell motion observed in our experiments on
MDA-MB-231 cells.

SIGNIFICANCE Morphodynamics of motile cells on 1D lanes may arise from signaling dynamics of small GTPases
or the non-linear dynamics of the clutch of retrograde flow. It is a matter of ongoing discussion which concept can
explain all of the simultaneously occurring experimental observations like the morphodynamic states and constitutive
relations of cell motion. Mechanical models are a promising approach since they can explain all observations except
one of the morphodynamic states. Our study closes this gap by introducing local integrin signaling at the leading edge
of protrusions into a mechanical model.

INTRODUCTION

Motility is a basic competence of cells. The ability of cells to move is essential in processes such as wound healing, immune
response and embryonic development (1). The highly dynamic motion characteristics of these cells exhibit a rich diversity.
Cells move at different speeds, come to rest, start moving again or even change directions (2-5). While doing so, they might
additionally change their shape. Transitions occur apparently spontaneously without any obvious signaling event, stimulation or
perturbation (3).

Many cells moving on flat substrates form a thin sheet-shaped protrusion in the direction of motion (6). Cell motion is driven
by actin treadmilling. Actin filaments polymerize at the leading edge of protrusions and push against the cell membrane (6—13).
At the same time, the actin network itself moves retrogradely within the protrusion (13, 14), experiencing friction with stationary
structures, such as focal adhesions (FA) (15—18). FAs attach the cell to the substrate and stabilize the protrusion (19-24).
Retrograde flow friction between FA’s and actin network is crucial for migration, as it transmits the protrusion force to the
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substrate, which has been shown by studies on actin network flow (15—18) and measurements of the dynamic force-velocity
relation (12). Without a link between actin and the substrate, polymerization could not generate a push force (8).

The friction force of retrograde flow obeys the clutch mechanism (17, 25-32). The relation between friction force and
retrograde flow velocity exhibits an increasing force at small velocities up to a critical velocity value beyond which friction
force decreases. The force maximum entails stick-slip transitions of sudden speed-up of retrograde flow at the critical velocity
due to the decrease of the force resisting motion while the force driving motion is maintained.

Formation of protrusions is controlled by signaling pathways (33-38). An important target of signaling is the RhoGTPase
Rac. It activates the WAVE complex, which recruits Arp2/3 to the leading edge membrane, where Arp2/3 initiates the nucleation
of new actin filaments branching off existing filaments (23, 39—41). Another essential regulatory element in cell migration is the
Rho/ROCK pathway. ROCK - activated by the RhoGTPase RhoA — has several downstream effectors. In addition to increasing
myosin IT activity (23), it is known to inhibit Rac. In combination with the inhibtion of RhoA by the Rac effector PAK this
results in an antagonism of Rac and RhoA reported in many studies and is believed to be a relevant part of the regulation of cell
migration (42—44).

Several studies reduced the complexity of cell migration by restricting it to one-dimensional lanes (2—4, 45-50). This
restriction revealed surprisingly diverse dynamics of cell motion and shape. While the cells obey the constitutive speed-adhesion
relation(49) and the speed-persistence time relation (51), they exhibit at the same time length oscillations both in spread and
moving states (4, 49).

Biophysical modeling has the potential to reveal how the processes mentioned above cause the diverse motion characteristics.
Mulitple models for 1D motion have been proposed. The ones by Amiri et al. (3) and Sens (46) focus on mechanics. Membrane
tension and a clutch mechanism describing the retrograde flow friction mediate protrusion competition, which polarizes the cell.
Signaling is not required for polarization in these models. Ron et al. (4) assume in addition to the clutch mechanism an inhibitor
of actin polymerization that diffuses and is transported by retrograde flow. Polarization is caused by the concentration gradient
of the inhibitor. In all three models, oscillations of the cell length are the result of stick-slip transitions due to the non-linear
clutch mechanism. In total, four different states are found: spread steady (SS), spread oscillatory (SO, not in (4)), moving steady
(MS) and moving oscillatory (MO). The MO state exhibits oscillation amplitudes at the front which are much smaller than the
amplitudes at the back.

Here, we model the behavior of breast epithelial MDA-MB-231 cells on 1D Fibronectin lanes. We have chosen this cell
type since it exhibits a large variety of coexisting morphodynamic states (3, 52). Reanalysis of the experimental data from
Amiri et al. (3) and Heyn et al. (50) suggests the existence of another state, not yet captured by any of the models. In that state,
the cell moves and both protrusions oscillate with comparable amplitudes. Here, we investigate the mechanism causing this
morpodynamic state.

We choose the model by Amiri et al. (3) for this study, since it does not only reproduce the four morphodynamic states
mentioned above, but also the state fraction and state transition statistics, the speed-adhesion relation and speed-persistence
time relation (3). We add to the model the signaling from integrin to Rac and the polymerization rate. When a protrusion builds
up, new nascent adhesions form and trigger a signaling cascade activating the Rho-GTPase Rac. This Rac activation by integrin
signaling has been reported by a variety of studies (34, 35, 53-58). As mentioned above, Rac promotes actin polymerization.
Thus, integrin signaling provides a positive feedback from the protrusion rate to the polymerization rate and with it to the
extension rate of the F-actin network. We show how this causes large amplitude oscillations at the front as a result of mechanical
protrusion interaction.

METHODS

Our biophysical model for 1D motion of cells is a variation of the model presented in (3). The cell consists of two protrusions
of lengths Ly and L;, and the cell body (see Fig. 1). Actin polymerization leads to the extension of the F-actin network pushing
the membrane outward in both protrusions. In difference to the previous model, the extension rates v, consist of a constant
minimum rate v(e) and a part controlled by integrin signaling v? fb

vef=v2+v::f, D
Vep = VO + V3, @)
The signaling-controlled rates v fb evolve over time obeying

dv:f N
T = —kvef +kyvO(vy), 3)
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dvt
e
dt

with the membrane velocities v s 5, the rates k and k, and the Heaviside function ©(x).

The signaling-controlled extension rates increase if the membrane moves outward, which is the case for vy > 0 or v;, < 0,
respectively. In that case, the cell explores new area and nascent adhesions form at a rate proportional to the membrane
velocity (23, 54). Nascent adhesions are active signaling complexes that promote actin polymerization by activating Rac. This
process is reflected by the second term on the right hand side of Eqgs. 3 and 4. After a short lifetime of about 60 s the nascent
adhesions either disassemble or grow into larger focal adhesions (23, 35, 54), which do not drive actin polymerization (36, 53).
The disassembly rate is independent of the velocity of the membrane (54). We therefore introduced an exponential decay of the
signaling-controlled extension rate (first term on the right hand side of Eqgs. 3 and 4).

As mentioned above, the decay time of nascent adhesions is about 60 s. The time scale of Rac dynamics is similar (44, 59).
Therefore, we take 60 s as the typical time scale of the integrin feedback to the network extension rate. Since the time scale of
morphodynamics is longer than 10 min (3), changes in the polymerization rate are fast compared to morphodynamics. We use
this time scale separation and assume that the extension rate is always in its stationary state. Egs. 3 and 4 provide

b= kv, + kv ©(=vp), 4)

k
v:f = %vfG)(vf), (5)
ky
Vop = 7|vb|@(—vb)~ (6)
With r = k, /k the extension rates yield
Vef = v+ rvi®Wy), @)
Ve = Vo +7[vp|O(-vp). )

This introduces a dynamic asymmetry of network extension into the model: Instead of constant and equal network extension
rates at front and back, the rate at the front can be significantly higher than at the back. For r = 0, the model is identical to the
model presented in (3) with constant extension rate.

Actin polymerization leads to membrane motion and retrograde flow. Hence, the network extension rate v, 3 is the sum
of the edge velocity v ¢, and retrograde flow velocity v, ;. We use positive extension rates and retrograde flow velocities,
whereas the edge velocities are signed velocities taken in the lab frame of reference. At a given extension rate, retrograde flow is
slower when the membrane moves outwards faster. If the membrane is at rest, the retrograde flow is equal to the extension rate.
Moving outwards relates to a positive sign at the front and a negative sign at the back. Thus, we obtain:

Vef =Vrf+ Vg, €))
Veb = Vrb = Vb (10)

We neglect the force dependence of the network extension rate used in Amiri et al. (3) since they showed that network
extension rate changes turned out to be less than 8% which is too small to be relevant.

The force pushing the membrane protrusion at the leading edge is equal to the force driving retrograde flow there. Thus,
force balances at the edges of the protrusions comprise drag forces ({v ) resisting membrane motion and elastic forces
(E(Lyp — Lo)) due to cell stretching, and the force required to drive retrograde flow at the leading edge which is equal to the
flow friction force (« ¢,y With the friction coeflicients « ¢ ;). The use of elastic forces has been supported by experiments on
length changes at Fibronectin density steps (3). They can be membrane tension or other length-dependent cytoskeletal forces.
The elastic forces act on the cell body and determine its velocity v:

Kevep—E(Ly—Lo)={vy =0, (1
E(Ly—Lo) - E(Lp — Lo) = blv: =0, (12)
—KkpVyp + E(Lp — L) — ¢vp = 0. (13)

The relative contribution of the cell body to cell drag is determined by the parameter b.
The protrusion lengths change due to velocity differences between the edges and the cell body:
dLy (14)
a Ve
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dLp
dt

The friction between retrogradely flowing F-actin and intracellular structures obeys the clutch mechanism, as has been

reported in a variety of studies (17, 25-27, 29-32, 60-63). Retrograde flow friction is modeled using a dynamic friction

coefficient « determined by the number of bonds between the actin network and focal adhesions. We use the bond formation

and dissociation rates established by Craig et al. (32). The bond dynamics implement the clutch mechanism: A large friction

coeflicient means that many bonds connect F-actin and the stationary structures - the clutch is engaged. Smaller values mean

that bonds broke, the clutch is disengaged. The dissociation rate , ¢ s increases as retrograde flow speeds up. It depends
exponentially on the retrograde flow velocity (32, 64, 65). This motivates the following dynamics (32):

=Ve —Vp. (15)

dKf’b lim 0 M
0 = Kon(K™ = (kpp = Ko0)) = Ko p e ™1iP (Kpp = Ko) +117.6(1)- 16)

Vbl
Ko is the minimum and «“ the maximum value of , k,, is the binding rate, ko 55 = kg P feﬁ the unbinding rate with the
slip velocity vg;p. Retrograde flow friction is present in both protrusions. The larger the friction, the slower the actin flows
backwards and the faster the membrane is pushed outward (see Eqgs. 9 and 10). Thus, the cell moves in direction of higher
retrograde flow friction as a result of mechanical protrusion competition. We assume that random formation and dissociation of
bonds is the major source of noise in the dynamics of the friction coefficient. Therefore, we add the noise terms 75, (¢) to the
bond dynamics.
Gaussian white noise 7775 is added with a noise amplitude determined by (3),

mrp(1))=0 (17)
i Ve £.6]
Kon (K™ — k¢ 1) + kgffe sl K,
MrpOnrpt)) = T o(t—1). (18)
aKb’f

Eq. 18 is discussed in more detail in section S3. The parameter « scales the noise amplitude and is defined in this section.

The density of adhesion-related stationary structures and strength of adhesion is controlled by the substrate density of the
integrin ligand Fibronectin (FN) (20-22). Hence, «/“ and the drag coefficient / depend on the ligand substrate density B in a
Hill-type relation (3):

lim KMax pn

g KB 19

K K0+ oy g 19)
lim é"maxBn{

YL B 20

=10 K7+ e (20)

k% and "™ are the upper limits of the friction and drag coefficients at saturating ligand density, respectively. Ky . and n ,
are the Hill parameters.

The model is strictly symmetric with regard to parameter values. Polarization is caused by mechanical protrusion competition.
Once, polarization is established, the network extension rates can significantly differ between front and back. As the cell changes
direction, the protrusions swap roles. Hence, we observe a dynamic asymmetry with regard to network extension rates.

To obtain simulated cell trajectories, we numerically solve the 4-component dynamical system given by Eqs. 14-16. The
noise-free system exhibits stationary states and limit cycles, which are the morphodynamic states of cell motion. We use
parameter set 1 in Table S1 for the simulations in Figs. 2-4. This set of parameter values has been obtained by fitting the original
model to a large variety of experimental data in Amiri et al. (3). Fig. 5 uses parameter set 2 from Table S1. It is very similar but
not identical to set 1 and has been obtained by fitting state transition statistics with the current model.

RESULTS
Membrane velocity dependent polymerization rates lead to an additional morphodynamic state

Our noise-free model exhibits five distinct dynamic states of cell motion, four of which were already found using the previous
model (SS, SO, MS, MO) (3). Cells in the spread steady (SS) state do not move at all, cells in the spread oscillatory (SO) state
are at rest but oscillate in length. Moving cells with fixed length are in the moving steady state (MS). The moving oscillatory
state (MO) is characterized by an oscillating back protrusion. Here, we find another state, where the cell moves but in contrast
to the MO state, both protrusions oscillate. Fig. 2(E-I) shows example trajectories for each of the five states.
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Fig. 2(A-D) displays bifurcation diagrams, illustrating the morphodynamic states through the values of the friction coefficient
« for different values of the parameter r. The model is equivalent to the model presented in (3) for r = 0. In each case, the SS
state is the only stable state at very small B. It becomes unstable at the branch point (BP) and the MS state emerges. At the Hopf
bifurcation points oscillations start and the SS and MS states change into SO and MO, respectively. For small r (Fig. 2(A, B))
the oscillations of « ¢ have small amplitudes. At larger 7 (Fig. 2(C, D)) the oscillations become significant and another state with
both protrusions oscillating is observed. Fig. S1 shows a comparison of the three moving states. Whereas all quantities are
constant over time in the MS state, oscillations are observed in the other two states. However, oscillations at the front have very
small amplitudes in the MO state and only become significant for the MO?2 state.

Moving states are excitable by noise in the bond dynamics

The coexistence of all morphodynamic states of MDA-MB-231 cells has been shown in experiments in Amiri et al. (3). In the
deterministic model, we do not observe multistability between all states. Particularly, we lack the coexistence between the two
spread states (SS, SO) and the three moving states (MS, MO, MO2). However, Amiri et al. (3) showed that the steady states
are excitable by noise in the bond dynamics leading to noisy oscillations, which explains the coexistence of the steady and
oscillatory states. We show that the moving states are excitable and can transition into a noisy MO2 state.

For that matter, we simulated cell trajectories initially in one of the three moving states in the noise-free system (Fig. 3(E, G,
I)). After 5 h, we turned on the noise in the bond dynamics (indicated by the vertical dashed line in Fig. 3(E, G, I)). Each cell
transitions into the MO2 state with noisy oscillations at the front and back protrusion. This state is very similar to MO2 states
observed in experimental data (Fig. 3(A) (3) and (B) (50)). As each moving state can transition into the MO2 state, its existence
is possible in a wide range of ligand densities B.

Fig. 3(B, D, F, H, J) shows the membrane velocities v 7 5 over time for the respective trajectory. Sharp positive peaks for the
back velocity and sharp negative peaks for the front velocity indicate a protrusion collapse, i.e. fast reduction of length. In the
noisy MO?2 state, we observe repeated protrusion collapses at the front and back in experiment and simulations. In contrast to
that, in the deterministic MO state the front velocity is almost constant, while in the deterministic MO2 state it oscillates but no
sharp peaks, i.e. collapsing protrusions, are observed. The experimental records in Fig. 3(B, D) are more similar to the noisy
parts of the simulations than to the deterministic parts.

Oscillations at the back induce oscillations at the front as a result of protrusion competition

Excitability and oscillations are a result of coupled feedback loops in many biological systems (3, 66). In our model, we have
a positive and negative feedback loop with regard to the evolution of the friction coefficient. Increasing « leads to slower
retrograde flow and hence decreasing dissociation rate (see Eq. 16), stabilizing bonds and «. On the other hand, decreasing
retrograde flow also leads to increased membrane velocity. The protrusion grows, and the elastic force increases, which in turn
resists the growing protrusion. The membrane slows down and retrograde flow speeds up, leading to a higher dissociation rate
and therefore decreasing x. Depending on the model parameters and the ligand density B, the feedback loops can cooperate to
induce stick-slip oscillations as observed in the SO and MO state (3). But how do the oscillations at the front protrusion in the
MO?2 state arise?

In the model presented in this work, we added that the actin network extension rate depends on the membrane velocity in a
way, that the rate is increased if the membrane moves outward. Hence, in moving states, the extension rate at the front is always
larger than in the symmetric model (r = 0) as v;f is added to the minimum extension rate vg (see Eq. 1). Since the extension
rate is the sum of the membrane and retrograde flow velocities (Eq. 9), the retrograde flow speeds up as r increases for a given
membrane velocity (see Egs. 7 and 9). Consequently, the dissociation rate is higher and « smaller. This can be clearly observed
in the bifurcation diagrams in Fig. 3(A-D).

In Fig. 4(A,B) we compare the MO?2 state for r = 0.7 and the MO state for r = 0 at the same ligand density B = 80 ng/cm?.
The amplitude of oscillations of the back friction coefficient are slightly larger in the MO2 state and the friction coefficient at
the front is significantly smaller than in the MO state (Fig. 4(A, B second row)). Therefore, retrograde flow is faster in the MO2
state while the membranes move at similar speeds (Fig. 4(A, B third and forth row)). As a result, the protrusion competition is
much more "competitive" in the MO2 state. During each oscillation, when «j, reaches its maximum, the back protrusion pulls
on the front. In the MO state, where differences between the maximum at the back and « s are large, this pulling has little effect
on the front protrusion, retrograde flow velocity and membrane velocity remain basically constant (Fig. 4(A third and forth
row)). If friction coefficients are closer like in the MO2 state, the back pulls strongly on the front and significantly affects its
motion, leading to oscillations of the front membrane velocity (Fig. 4(B bottom row).

In a way, we can view MO2 oscillations as a repeated perturbation of front motion by back oscillations. In Fig. 4(C, D), we
perturbed a cell in the MS state by increasing the back friction coefficient at one point in time. If the perturbation is weak
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(Fig. 4C), it only slightly affects the front protrusion. Retrograde flow velocity and membrane velocity stay almost constant
(Fig. 4(C third and fourth row)). Although a back protrusion is forming, the effect on the leading edge motion is vanishingly
small (Fig. 4(C first row)). A larger perturbation (Fig. 4(D)) reaching almost the friction coefficient at the front leads to a
significant drop in the friction coefficient at the front, which entails an increased retrograde flow and a slowing of the leading
edge (Fig. 4(D second to last row)). The cell almost stalls and then keeps moving in the initial direction (Fig. 4(D first row)).
The MO?2 state is similar to repeated stronger perturbations, whereas the MO state is similar to repeated weak perturbations.

Biophysical model reproduces state distribution and state transition statistics of MDA-MB-231
cells

We analyzed the single cell trajectories of MDA-MB-231 cells taken from Amiri et al. (3) with regard to the cell states presented
above, following a similar approach as therein. At first, state change points are determined using an iterative method based on
cumulative sum (CUSUM) statistics. This algorithm detects time points where the trend of motion changes and thus segments
the trajectory. To each segment, we can assign a morhphodynamic state. A cell is considered to be in a specific state only if it
shows consistent behavior for at least 1 h. Consequently, state change points have to be at least 1 h apart.

To assign a state to a segment, we use three metrics, two of which we adopt from Amiri et al. First, we distinguish spread and
moving states using a velocity threshold (0.002ums™"). Second, we distinguish steady and oscillatory states using an oscillation
index, based on fluctuations in cell length and the nucleus motion (see supplemental section S2 for details). If this index is
above a threshold, the cell is classified as oscillatory. Third, based on that oscillation index, we introduce a second oscillation
index using fluctuations of the front protrusion length to distinguish between MO and MO2 (see also supplemental section S2).

We applied this procedure to the experimental data and determined the fraction of time spent in each state, as well as the
probability of transitions between states (Fig. 5(B, C)). We simulated 1000 cell trajectories with a length of 24 h each for
each set of parameters tested within the fit procedure. We applied the same procedure to the simulated data as we applied
to the experimental data to analyze state statistics. Simulations account for cell variability by randomly sampling parameter
values from a range of +5% around the value given in set 2 of Table S1. This parameter set was found by varying the values of
parameter set 1, which was taken from Amiri et al. (3) until we reach good agreement between simulation and experiment
(Fig. 5).

What can be concluded from this type of analysis has been discussed in detail in Amiri et al. (3). We can conclude the
types of observed states based on their phenomenological definition, the types of observed transitions between states and their
statistics from this comparison between experimental and simulated trajectories. We cannot conclude bifurcation diagrams
from this analysis since the detection of a state does not necessarily indicate its stability (see section S2).

Additionally, small changes in model parameter values may entail qualitative changes of the bifurcation diagram (3) as
we also find here. There are three differences between the bifurcation diagram belonging to parameter set 1 Fig. 2 and set 2
Fig. 5(A). First, we find two Hopf bifurcations on the branches representing the moving states. At the first one, oscillations arise
(MO) and the MS state becomes unstable. With rising FN density, front oscillations increase leading to the existence of the
MO?2 state. At the second Hopf bifurcation the MS state becomes stable again, such that we have a bistability of MS and MO2.
The second alteration is the existence of a limit point, where a stable and an unstable limit cycle emerge. The latter terminates at
the second Hopf bifurcation. The last and most significant difference to the bifurcation diagrams above is the lack of the Hopf
bifurcation on the SS branch, sucht that there is no stable SO state. Since the SS state is excitable by noise similar to what we
have shown for the moving states above (3), we still expect to observe SO states in our cell trajectories. However, the SS state
is only stable at low FN densities. This poses the question how we still observe both spread states over a wide range of FN
densities as well as transitions between all states.

To answer this, we first have to notice, that the classification algorithm described above solely relies on the positions of
nucleus and front and back membrane. It does not take into account the mathematical state of the dynamical system. For
experimental data the mathematical state is unknown and for comparability, we used the same method to detect morphodynamic
states in simulation data. Thus, the algorithm might detect a specific state, although the dynamical system is not in the
corresponding mathematical state. We can think of several possibilities explaining the observed transitions: 1) We use a velocity
threshold to distinguish spread and moving states. If a cell moves very slowly, the corresponding segment will be classified as
spread (MS becomes SS, MO/MO2 become SO). 2) Back pulling events can lead to the nucleus stalling (see Fig. 4(D)). If this
phase it sufficiently long it might be classified as a spread state. 3) Direction reversals are not always sharp. This can lead
to a segmentation into "moving up" — "spread" — "moving down", instead of switching from moving up to down directly.
Mathematically, this could mean, that the system is transiently close to the unstable spread state during the transition between
the two stable moving states. 4) Frequent direction reversals over a short time without net motion resemble the SO state and
thus might be classified as such. In supplemental Fig. S2, we collected a selection of trajectories displaying these behaviors.

In summary, our model reproduces the state distribution and state transition statistics of MDA-MB-231 cells. The states are
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defined using velocity and oscillation metrics based on the temporal positions of nucleus and front and back membrane rather
than the underlying mathematical state.

DISCUSSION

Cells moving in one dimension exhibit rich dynamics of motion and shape. Several morphodynamic states coexist and
spontaneously transition into each other. We distinguish spread and moving states and states with oscillatory or steady length.
Additionally, cells obey the constitutive speed-adhesion and speed-persistence time relation (49, 51). Cells obey the constitutive
relations while exhibiting morphodynmaics. Models that account for this ubiquitousness can explain the experimentally observed
morphodynamic state of moving cells in which the back protrusion oscillates but not states in which the front protrusion also
does (state MO2) (3, 49, 50). In this work, we close this gap by presenting a variation of the model by Amiri et al. (3), which
also exhibits the front oscillations.

We complement the model by proposing that a dynamic feedback from the protrusion velocity to the polymerization rate
mediated by integrin signaling to Rac, which has been used also by Welf et al. (58), causes front oscillations. It suggests, that
nascent adhesions form as the protrusion extends, integrin receptors bind to their ligands on the substrate and promote actin
polymerization by activation of Rac (23, 34, 35, 53, 54). In its net effect, this is a local self-amplification of the polymerization
rate. The retrograde flow in cells with this local positive feedback is faster than in cells without it moving at the same velocity.
The cells with this feedback are more likely to disengage the clutch of retrograde flow in the front protrusion. Therefore, the
front protrusion responds more strongly to the pulling of the back protrusion. That causes the front oscillations.

We assume that the local positive feedback from protrusion to polymerization is required for the dynamic state MO?2.
Different molecular realizations of this feedback are reported in several studies (35, 55, 57, 67, 68). Rac GEFs like DOCK180
or B-PIX are recruited to the leading edge by paxillin phosphorylation mediated interaction with the pl30CAS-Crk complex
and the apator GIT1, respectively. The inhibition of these pathways at any point are candidates for perturbation experiments,
which we expect to result in a decrease of front oscillations. Other models including the clutch mechanism but not the local
protrusion amplification exhibit the states SS, SO, MS and MO but not MO2 (4, 46). We also tested alternative hypotheses
in our search for the mechanism generating the MO2 state. Asymmetric protrusions with regard to parameter values was an
obvious candidate. Using different fixed network extension rates at front and back makes the MS state the only stable state
at small ligand densities instead of SS. The same holds for different «"“* or ™“* at front and back. This is interesting in
that we observe resting and moving cells at small ligand densities in experiments (3). Protrusion asymmetry accounts for this
experimental observation, but it does not generate any additional morphodynamic state.

We also investigated a dependence of the polymerization rate on other quantities. But neither an increase of polymerization
rate with increasing friction coefficients or friction forces nor a reduction upon faster retrograde flow leads to the emergence of
the MO2 state. These approaches involve negative feedback loops which in the end suppress oscillations. For example, the rise
of the polymerization rate upon increased « entails also faster retrograde flow, which increases the dissociation rate and reduces
x again. Reduced « leads to decreased polymerization rate, which compensates the initial increase. This type of a negative
feedback loop is avoided in the mechanism suggested in this work. In summary, all the other tested mechanisms without the
local positive feedback from protrusion to polymerization did not cause MO2.

Welf et al. included the positive feedback from protrusion to polymerization mediated by Rac into their model by a slightly
different mathematical realization, i.e. by using dynamic Rac concentration (58). A direct comparison of results is difficult,
since our study and Welf et al. focus on different aspects. Interestingly, Welf et al. suggest to study situations where "cessation of
protrusion, brought about by increased retrograde flow, is accompanied by failure of the clutch" to study mechanisms involving
speed up of retrograde and the clutch (58). Here we see that the suggested direction of thinking provided valuable insight into
oscillation mechanisms.

Our model describes the mechanical interaction between protrusions and shows how that interaction leads to morpho-
dynamics (3, 49, 50). It does not describe the generation of protrusions, which is controlled by signaling involving small
GTPases (69-72). Cells exhibit protrusions at both ends most of the time in our experiments (see Fig. 3A, C and (3)). The
model proposes that polarization is the result of mechanical protrusion competition. The clutch of retrograde flow is the core
mechanism of this competition. It is disengaged when retorgrade flow is fast and engaged when it is slow. Retrograde flow in
the back protrusion is the sum of network extension rate and cell velocity and, therefore, it is fast. Retrograde flow in the front
protrusion is the difference of network extension rate and cell velocity and, therefore, it is much slower than in the back. The
clutch in the front is engaged, the one in the back is disengaged (or less engaged). That polarizes the cell.

The oscillation mechanism supports the idea that protrusion interaction across the entire length of the cell is mediated
mechanically, i.e. by membrane tension. Alternative ideas imply the diffusion or advection of a polymerization inhibitor (4) or
inhibitor of protrusion formation (discussed in Mori et al. (73), Holmes et al. (42)) across the entire cell as means of protrusion
competition. We observed MDA-MB-231 cells with lengths exceeding 50 pm in previous works (3, 49, 50). In ongoing research
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we see RPE cells exhibiting protrusion competition with a length of more than 300 pm (74). That renders protrusion competition
by signaling less likely since diffusion time scales are much longer than morphodynamic time scales with these cell lengths.

We investigated only MDA-MB-231 cells and no other cell types in this study. Hence, we do not know whether our
results apply to the motion of other cell types. However, our modelling approach does not involve assumptions applying to
MDA-MB-231 cells only. Both the clutch of retrograde flow and Rac signalling have been observed in a variety of cells. Hence,
it is possible that different parameter sets of our model describe the behavior of different cell types.

CONCLUSIONS

We presented an advance of the protrusion competition model introduced by Amiri et al. (3). This model captures the large
variability of morphodynamic states of cell motion with now five distinct states: spread steady (SS), spread oscillatory (SO),
moving steady (MS) and two moving oscillatory (MO,MQO?2) states with either only the back or both protrusions oscillating.
Local amplification of the polymerization rate due to faster protrusion rates causes the morphodynamic state with both
protrusions oscillating (MO?2), such that the refined model offers explanations for the full variety of morphodynamic states and
their multistability. Since the model also exhibits the constitutive speed-adhesion and speed-peristence time relation (3, 49), it
offers a biophysical explanation for the concomitant observations in cell motility.
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FIGURE 1

(A) The cell consists of two competing protrusions of lengths Ly ; and the cell body. Front and back are coupled to the
cell body by an effective elastic spring E. Polymerization forces Fr; push the membranes outward with velocities v 7, and
lead to retrograde flow v, 7 5 of the F-actin network. This causes friction with coefficients « ¢ ;, between the F-actin network
and stationary structures in the cell (i.e. adhesions). During its movement, the cell experiences drag with coefficient £. (B)
Actin polymerization at a rate v, at the leading edge causes the membrane to move forward. This leads to the formation of
nascent adhesions at a rate proportional to k, v ®(v ) (or k, |v5|®(—vp) at the trailing edge). Nascent adhesions disassemble
or grow into larger focal adhesions at a rate proportional to k. The box symbolizes disassembled adhesion structures. Actin
polymerization also creates a retrograde flow v, ¢. The non-linear retrograde flow friction « ¢, can be described as a molecular
clutch and is represented by the number of transient bonds between the F-actin network and adhesions. The bonds form and
break with rates k., and ko ¢ ¢ (v,)

FIGURE 2

(A-D) Bifurcation diagrams showing the friction coefficients « ¢ ;, in dependence on ligand density B for different values of the
parameter 7. Full lines show stable stationary states and dotted lines unstable stationary states. Dashed lines indicate oscillatory
behavior. Blue is used for the front friction coefficient, red for the back coefficient. The shaded regions show oscillation
amplitudes of the moving oscillatory states. For the moving states the dashed lines indicate the maximum and minimum value
of k¢ during an oscillation. The amplitude of « r increases with r. We observe one stable state at low FN densities (SS). At the
branch point (BP) (green dot) this state becomes unstable and two stable states emerge (MS up and down). Oscillatory states
arise at the Hopf bifurcation points (green diamonds). (E-I) Example trajectories for the five morphodynamic states. Parameter
set 1 was used for this simulations (see supplemental Table S1).

FIGURE 3

(A, C) Trajectories of two MDA-MB-231 cells in the MO2 state (A from (3), C from (50)). (B, D) Membrane velocities v ¢ 5, fo
the cells in (A, B) over time. (E, G, I) Simulated trajectories starting in the three moving states MS (E), MO (G) and MO2 (I)
without noise in bond formation and rupture. After 5 h of simulated time (dashed line), noise (Eq. 18) is turned on and all cells
change into a noisy MO2 state showing that the moving states are excitable by noise. (F, H, J) Respective membrane velocities
over time. Parameter set 1 was used for the simulations (see supplemental table T1).

FIGURE 4

(A) MO state for r = 0 at B = 80 ng/cm?, (B) MO2 state for r = 0.7 at B = 80 ng/cm?, (C) Weak and (D) strong perturbation
of the back friction coefficient in the MS state at B = 35 ng/cm?. Trajectories (top row), friction coefficients (second row),
retrograde flow (third row) and membrane velocities (bottom row) over time. Weak perturbations affect the front membrane
motion only slightly, which is similar to oscillations in the MO state (A, C). Strong perturbation significantly change the
velocity of the front membrane, similar to oscillations in the MO?2 state (B, D). Parameter set 1 was used for the simulations
(see supplemental table T1).

FIGURE 5

Biophysical model reproduces state distribution and state transition statistics of MDA-MB-231 cells. (A) Bifurcation diagram
for the fitted model. Full lines show stable stationary states. Dashed lines indicate oscillatory behavior. Dotted lines represent
unstable stationary and oscillatory states. Blue is used for the front friction coefficient, red for the back coefficient. The shaded
regions show oscillation amplitudes of the moving oscillatory states. For the moving states the dashed lines indicate the
maximum and minimum value of « 7 5, during an oscillation. We observe one stable state at low FN densities (SS). At the branch
point (BP) (green dot) this state becomes unstable and two stable states emerge (MS up and down). Oscillatory states arise at
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the Hopf bifurcation points (green diamonds) and MS states become unstable. At the next Hopf bifurcation points the MS states
change their stability again. We also observe a fold bifurcation of limit cycles at the limit point (LP) (green star), were a stable
and unstable limit cycle emerges, whereby the latter terminates at the second Hopf bifurcation. Thus, we have a bistability
between MS and MO?2 at high FN densities. (B) Fraction of measured time in each of the states and (C) state transition statistics
for experimental and simulation data. Parameter set 2 was used for the simulations (see supplemental table T1).
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