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SI Figure 6: Additional experiments showing that intermediate concentrations of filamin arrest actin
sliding more frequently for longer actin filaments. We found that, at intermediate filamin concentrations, the

540 inhibition of actin sliding was more pronounced for longer actin filaments (Figure 4B). To confirm this
assessment, we carried out a second set of experiments in an intermediate to high filamin concentration ([Fil])
range. As observed in our initial experiments, inhibition of actin sliding is more pronounced for longer actin
filaments, at intermediate [Fil]. Curves show the running average of the motile fraction (f;,,;) for different actin
lengths (L); meantSEM, n=4 samples per condition.
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SI Figure 7: Crosslinker binding stabilizes deactivated domains in the spin chain model. A) A representative
evaluation of the spin-chain model with crosslinkers. Spins that are on (¢ = +1) are indicated in white, spins that
are off (6 = —1) in black. Crosslinker binding is indicated by red shading. B) Return maps constructed from 200
evaluations of duration 15,000/k,. The x =y diagonal is drawn as a dashed white line; the mean n,¢¢(t +

100/k,) value for a given n, ¢ (t) is drawn as a solid white line.
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Sl Figure 8: Correction of autocorrelation time calculation for short traces, demonstrated using a bistable toy

555 model system. For dynamic processes that exhibit non-zero autocorrelation, too short recording times (T...)
can yield autocorrelation times (t,.) that underestimate the autocorrelation time of the actual process®*3%. We
use a toy model simulation with random fluctuations that decay with a relaxation time T,,4, = 0.5 to
demonstrate this effect, along with a previously suggested approach for its correction. Applying an uncorrected
measure of autocorrelation, T4, converged only for T, that exceed T,,. = 100 X T,.;4, (note that the values

560 of T,.¢10x @nd 74¢ do not have to be identical). Applying a corrected measure of 74, that considers the ensemble
mean over several recorded traces, T4, converged already for T,... = 107,.;,,. Data points are mean+SEM, 500
simulation repeats per data point.
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1 Experimental Methods and Materials

Purification of Proteins: Donated tissues from the slaughterhouse (Marvid
Poultry, Montréal, QC, Canada) were used for purification. Phasic smooth
muscle myosin was purified from chicken gizzards following Sobieszek [1]. Actin
was purified from chicken pectoralis acetone powder and stored at 4°C, see
Pardee and Spudich [2]. Actin was flourescently labelled by incubation with te-
tramethylrhodamine isothiocyanate-phalloidin (TRITC P1951; Sigma-Aldrich,
Oakville, Ontario, Canada) [3].

Myosin thiophosphorylation: Thiophosphorylation of myosin (5 mg/mL)
was executed with CaCls (6.75 mM), calmodulin (3.75 mM, P2277 Sigma-Aldrich),
myosin light chain kinase (0.08 mM), MgCl, (10mM), and ATP ~-S (5mM).
With all the reagents added, myosin was incubated at room temperature for 20
min, kept overnight at 4°C, and then stored in glycerol at —20°C.

In vitro motility assay: Myosin was ultra-centrifuged to remove non-
functional myosin (42,000 rpm, 4°C, 31 min; 42.2 Ti rotor in Optima L-90K ul-
tracentrifuge; Beckman Coulter, Indianapolis, IN); motility flow-through cham-
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bers and buffers were prepared and used as previously described [4]. The oxygen
scavenger consisted of 0.25 mg/mL glucose oxidase, 0.045 mg/mL catalase, and
5.75 mg/mL glucose (pH adjusted to 7.4). The motility buffer consisted of
actin buffer with additional 0.5% methylcellulose and 2 mM ATP. Myosin stock
was diluted to 0.17 mg/mL, or lower myosin concentrations where indicated.
Filamin stock (kindly provided by Apolinary Sobieszek) was initially diluted
in actin buffer to 4 uM. Filamin concentration was then adjusted by dilution
in motility buffer, which was then used in the last perfusion step before video
recording. Flow-through chambers were heated to 30°C prior to and during the
recording of video data.

Video recording: An inverted microscope (IX70; Olympus, Tokyo, Japan)
with an oil immersion objective (100x ACH, NA 1.25; Olympus) was used to
record actin filament motion. Images were recorded with an image-intensified
charge-coupled device camera (30 fps, KP-E500; Hitachi, Tokyo, Japan) con-
nected to a custom-built recording computer (Pinnacle Studio DV/AV V.9 PCI
capture card; Norbec Communication, Montreal, Quebec, Canada). Three 30
second long videos were recorded per flow-through chamber.

Analysis of actin sliding: We used our in vitro motility assay automated
analysis (ivma?®, available as open source repository on GitHub) to extract in-
stantaneous actin sliding velocity (Vyay) traces from our videos [5]. Filaments
were individually tracked, sorted by actin length (L), and quality control of
filament and trace images was carried out using machine learning on manually
scored training data. For L-resolved plots and statistics, we used sliding window
averaging. To prevent artifacts resulting from curved actin sliding traces, only
traces with a solidity of 0.5 or greater were included in the analysis. The motile
fraction (fmot) was extracted using a Vyoy threshold of 0.25 pum/s.

2 Ensemble-corrected autocorrelation time

The autocorrelation function (AC) of scalar time series (z(t)) is a standard
approach to determine how strongly fluctuations of x at a given time point ¢
affect the value of = at a later time point ¢ + 7. The autocorrelation function is
commonly defined as

AC(rlaty - (@0 = @)a(t =) = @)
((z(t) = (2))*)

where (...) indicates a time average. The direct calculation of AC(T) results
in too low values unless signal traces are used that significantly exceed the
autocorrelation time (74¢) of a given signal [6, 7]. When several measurements
of the same process are available — an ensemble of measurements ({z,(t)}, n
representing different traces from the same process) — a correction can be applied
by subtracting not the individual trace mean, but the mean of the ensemble of
measurements (Z) [6]. The corrected formulation is

scttteo) = (R ),

(1)
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which was applied to all measurements of AC(7).

To determine the average time of the persistence of fluctuations — the au-
tocorrelation time — the lag 1 autocorrelation (AC (7 = At|{z(t)}), At time
resolution of time series x(t)) was used. The lag 1 autocorrelation time was
then calculated as

Tac = —Atln (AC(At|{a:n(t)})), 2)
based on the assumption of an exponential decay of the autocorrelation function,

T

AC(r| e (6)}) = exp () |

TAC

3 Detailed Simulations

3.1 Mechanochemistry of myosin and filamin proteins that
interact with actin

The interaction of myosin and filamin proteins with a single actin filament of
length L was simulated. In the case of myosin, this simulation was carried out
from the perspective of major myosin binding sites, which are distributed at a
fixed distance of b = 35.5 nm along the length of a given actin filament, so that
the total number of myosin binding sites is N,,, = L/b [8].

For filamin, the simulation did not include specific attachment points, but
the entire actin filament was accessible for binding. To calculate the number
of filamin proteins in range of a given actin filament (Ny) considering both L
and differences in filamin concentration, we introduced F' € [0, 1] as a proxy for
filamin concentration. We then calculated

A1 ifr, <F
Nf_z{o itr, > F (3)
k=1
where 7, € [0,1] are samples from a uniform random distribution. Thus, F' €
[0, 1] represents the probability of a filamin protein being within binding range,
with greater F' representing higher filamin concentrations.

To simulate the linear sliding motion of a single actin filament, the mechani-
cal interactions with myosin motors and filamin crosslinkers were simulated. For
both myosin and filamin the principles used to describe the mechanical inter-
action were identical. For all mechanical calculations, a mechanical equilibrium
was assumed to be attained quasi-instantaneously at all times

Nm,“!‘Nf

Z F; =0. (4)

Here F} is the mechanical force upon the actin filament, mounted by a binding
protein j. j addresses all IV, myosin binding sites and Ny filamin proteins.
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To consider the linear spatial extension of the actin filament, each interacting
protein was considered to be attached at a point 0 < [; < L along the actin
filament. These attachment points were used to calculate F; from a reference
point 0 < z < L, leading to an independent calculation of mechanical equilibria
for each individual protein j, using « = l;. These local mechanical equilibria
were described by a modification of Equ. 4,

Z Ff =Y w(l;—2)F; =0, (5)

J

where 0 < k(Az) < 1 with k(—Axz) = k(+Ax) is a function describing the
decay of mechanical coupling with increasing distance along the actin filament
(Az).

Having specified the condition for local mechanical equilibrium (Equ. 5),
we will now proceed to satisfy this condition by means of displacing actin in
its axial direction. This was formally done by adjusting the sliding position of
the entire actin filament (a). Any connected protein j was assigned a resting
position a?, which is the position that actin would slide to if only this protein
alone was attached to actin. Note that this resting position can be treated and
assigned entirely independently from I;; a? refers to a sliding position of the
overall actin filament, I; refers to a position on the actin filament and uses the
actin filament itself as a reference frame. We approximated the force response

of all proteins as linear springs,
Fj = —chj(a — a(])) (6)

In other words, we assumed that attached proteins are always in the taut
chain configuration. Here o; = 1 or 0; = 0 indicate that the myosin binding
site/filamin protein referred to by the index j is attached or not, respectively.
c; is the effective spring constant. For a given protein j, the local mechanical
equilibrium condition (Equ. 5) always has one unique solution,

agq _ Zz O’z'li(li — lj)cia? . (7)
J Zl O'iIQ(Zi — lj)Ci

The exception where all o; = 0 is circumvented because a?q only needs to be
calculated when o; = 1. Based on Equ. 7, the mechanical work Wjeq can then
be calculated,

€ 1 €
Wit = 2 Zai/‘i(li —l)eial — af)?. (®)

We assigned the decay function

K(AL) = exp (— 'ﬁf ') : 9)
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where L. is the characteristic coupling length along the actin filament. An
exponentially decaying coupling strength resulted in good agreement with our
experimental data (SI Fig. 1A). The same was true for a linear decay function

k(Al) = max (O, 1- A$|> , (10)
L.

see SI Fig. 1B. Because it seems more reasonable that mechanical coupling

decays exponentially in a linear chain of coupled elements, we chose the expo-

nential decay function for further use.

We have now described how to calculate local equilibria, and will proceed to
calculate the mechanical work associated with a conformational change (di) that
alters the resting position of a given protein j. We captured such a conforma-
tional change by an altered resting position a? = a?—i—di. For this conformational
change, a new local equilibrium

b odt
J Zi CTZ'KZ(ZZ‘ 7lj)Ci

would be attained. The mechanical work associated with this local equilibrium
would be

a +aj”. (11)

1
W= 3 S ownlls ~ L)e(ad + 8, 5d* —a)?, (12)

where §; ; is 0 for ¢ # j and 1 for ¢ = j. We could thus calculate the mechanical
work difference,

AW} =W} — W51, (13)

required to change the conformation of a given protein j by d;, and attain the
associated local mechanical equilibrium.

We will now proceed to describe how changes in mechanical work alter the
rates of molecular transitions, namely binding, mechanical steps, or unbinding
of proteins. For reactions that are not load-dependent (myosin and filamin
attachment to actin), we assumed rates that are independent of mechanical load
(k2 and k$, respectively). For all other, load-dependent reactions we assumed

that a conformational change d;c- of the myosin or filamin protein j would have
to occur to reach the transition state and initiate the reaction. For a given
load-dependent transition, we assumed that AWji affects the transition rate as

k =k exp (—AWY), (14)

where k? is the unloaded transition rate for a given reaction. Note that the me-
chanical work is given in units of kT, so that the typical W/kgT normalization
in the exponent is omitted [9].

For myosin binding sites, we used the same reaction scheme as in our previous
work [9], consisting of a unidirectional cycle of myosin binding, main power
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stroke, and minor power stroke leading to detachment. Myosin attachment
occurred with rate
k,(l
k — m y ,
" [MY]O[ ]

where k% /[Mylo captures both the effective attachment rate of myosin on the
coverslip to the actin filament, as well as the influence of soluble myosin concen-
tration ([My]) on this rate. Upon binding to actin, the myosin at a given binding
site 7 was assigned an initial strain from a normal distribution with a standard
deviation w,,. The main power stroke occurred with an unloaded rate k£, and
always had a step length d; = dp = 4nm. The minor power stroke occurred

with an unloaded rate k:%/[, and always had a step length d;p- =dp = 2nm. The
effective spring constant of myosin was ¢, .
Filamin attachment occurred with a rate k; at random positions 0 < 1; < L

along the actin filament, and without pre-existing strain (a} = 0). Filamin
detachment occurred with an unloaded rate k? . The distance from the current
position to the transition state required for detachment was calculated based on

the current configuration,
, N
d; = dy — (a§ — agl), (15)

where dy is the total distance from relaxed filamin to a stretched state required
for detachment.

3.2 Numerical evaluation and extraction of motion traces

To numerically simulate the mechanochemical interactions of actin, myosin, and
filamin, we extended our previously developed algorithm for the interaction of
myosin with actin [9, 5]. First, in the reaction scheme that we used, for each
individual myosin binding site and filamin protein, always only one reaction
step was possible as the next reaction. Hence, a single rate for a reaction to
occur for any of the j simulated elements could be calculated, under the as-
sumption of local mechanical equilibria. Second, these rates were used in a
Gillespie algorithm step to determine the waiting time until the next transition
occurs as well as the element for which the next transition occurs [9]. The
simulation time was incremented by the waiting time, and the variables asso-
ciated with the altered element (chemical state, o;, x(J)) were updated. Third,
the macroscopic position of the actin filament was extracted by calculating a
global a under the assumption x = 1, so that all proteins bound to the actin
filament contribute equally, independent of their position. In this manner, a
single position of the actin filament could be extracted, but no change to the
microscopic state of the mechanochemical system was effected. It is clear that
some inaccuracies will result from this ad hoc approach to extracting the actin
position. However, these should be well below ~ 100 nm. Our goal was a com-
parison with experimental tracking data, and inaccuracies of 100 nm can easily
result from recording noise, tracking inaccuracies, or fluctuations in the actin
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sliding progress in the experiment (see below). Based on these considerations,
we assign microscopic accuracy only to simulations assuming local mechanical
equilibria. The assumption of global equilibrium (x = 1) served purely as an ad
hoc approach to obtain a scalar actin displacement value that can be compared
to our experimental observations. Note, again, that the calculations with k = 1
did not feed back on the microscopic mechanochemistry in the simulation.

To further make the simulation results comparable with experimental data,
which were recorded with a fixed sampling interval At = 0.33 s, the simulation
data were resampled at the same time interval At [9]. Vjqy values were calcu-
lated from the differences in a at consecutive sample times, divided by At. To
account for inevitable noise in filament sliding progress present in the experi-
ment, we added a random number drawn from a normal distribution with stan-
dard deviation 0.1 ym/s to each Vyqy value (appropriate value for At = 0.33s)

[5]-

3.3 Choice of model parameters

The model parameters used in the detailed model (SI Tab. 1) were taken from
existing literature were possible, and adjusted to our experimental data where
no previous information existed. The model parameters for interactions of only
actin and myosin in the absence of filamin were taken from our previous work
[4]. Assuming initially L. — 0o, the model parameters k2,, k2, k%, ¢, and w,,
were adjusted to the experimental results for short actin filaments (L < 0.8 um)
at the highest myosin concentration ([My] = 0.166 mg/ml), see SI Fig. 1. This
step of parameter adjustment was based on an analysis of the influence of the
different parameters from our previous work [5]. Note that k2, and k%, were both
measured in single myosin experiments previously, yielding values of ~ 200s~!
and =~ 25571 at 23°C, respectively, which are close to the values we obtained
from our adjustment [10]. The myosin step lengths were also taken directly
from single molecule experiments [11]. Using these parameters, simulations with
different L. < oo were carried out, and L. = 0.3 um was chosen for the best
agreement with the experimental data in terms of the sliding velocity plateau
for L > L. (SI Fig. 1B). This value of 0.3 um is physically justifiable, as it
is above a lower-bound distance of ~ 130 nm, which is where the compound
stiffness of actin-attached myosin can first exceeds actin longitudinal stiffness
(see Discussion in main manuscript).

The mechanical parameters of single filamin crosslinks, dfc and cy, were
chosen within the range of published results [12]. A ratio ¢s/c,, ~ 300 was
applied, to reflect the axial stiffnesses of 880 £ 551 pN/nm of filamin [12] and
~ 2.9 pN/nm of the myosin S1 region [13]. Note the stiffness values for the taut
chain configuration are used for both proteins, to reflect that they take effect in
our simulations only once taut. The only left-over free parameters, k; and k?
were adjusted to fi,0¢ from our experimental data (Fig. 5D), and produced T4¢
values that were in good agreement with our experimental observations (Fig.
5E).
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Parameter \ Symbol \ Value \ Source

Actin-myosin interaction

Attachment rate k2 163.7s~1 (mg/ml)~![ Our work,
compare
Hilbert et
al.[4]

Power stroke rate kP, 256.55 1 Our work,
compare
Veigel et
al.[10]

Detachment rate kL 15.257 1 Our work,
compare
Veigel et
al.[10]

Myosin effective spring | ¢, 3.5nm 2 Hilbert et

constant al.[4]

Myosin attachment range | w,, 4.5nm Hilbert et
al.[4]

Main power stroke length | dp 4nm Capitanio
et al.[11]

Minor power stroke length | dp 2nm Capitanio
et al.[11]

Longitudinal decay of mechanical coupling strength

Coupling strength decay | L. 0.3 pm Our work

length

Actin-filamin interaction

Filamin attachment rate k§ 1s7! Our work

Filamin detachment rate k? 100s~1 Our work

(unloaded)

Filamin effective spring | cs 1000 nm =2 Ferrer et

constant (when taut) al.[12]

Distance to detachment | df 0.2nm Ferrer et

transition state (when al.[12]

taut)

Tab. 1: Parameters of the detailed model.
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4 Spin chain model

4.1 Development of the spin chain model

A linear chain of spins s,, (n =1,2,..., N) represents the major myosin binding
sites distributed along the actin filament. N = L/b was used in the same
manner as for the detailed model to chose the number of spins corresponding
to a given actin length L. Each spin can take the value +1 or —1, representing
a myosin binding site associated with the active or the arrested myosin group
state, respectively.

The spin value changes stochastically, with a switch rate depending on the
value of the spin itself, s,,, as well as its nearest neighbors, s,,—1 and s,41,

kn = exp (—hsn, — B8n(Sn—1 + Sn+t1)) - (16)

Here, h is a global field, and h > 0 indicates a tendency towards s, = +1
imparted by this field. 8 describes the coupling strength between the nearest
neighbors, with § > 1 favoring nearest neighbors with the same spin value. For
the first (n = 1) and the last (n = N) spin in the chain, the influence of the
nearest neighbors is calculated differently. Values for sg and sy11 are required,
but not contained in the spin chain. Instead

S0 = SN+1 = —ho (17)
is used. Thus, hg > 0 would introduce a bias towards the s,, = —1 state at the

ends of the spin chain.

4.2 Exact calculation of the motile fraction

In the in vitro motility assay, fi,o¢ is determined as the fraction of time during
which actin motion faster than a given threshold velocity is observed. This
measurement is mirrored here by calculating the probability that all s, = +1,

fmot:P(Slz.SQZ...:SN:_'_l)'

This assumption is based on the mechanistically detailed simulation, where local
arrest of the myosin kinetics leads to global arrest of actin sliding.
The exact value of f,,,; was calculated for an ensemble of equilibrated spin

chains. The probability to encounter a given state s = (s1,S2,...,5y5) can be
calculated based on the potential energy associated with s,
exp (—H(s))
P(s ,
where

2= exp(~H()) (19)
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is the partition function, found by summation over all possible configurations
of s.

The potential energy of a state s can be calculated based on the kinetic rates
specified above. Specifically, for an individual spin s;, the contribution to the
potential energy is,

I (’Wn = +1)

H, = -
2 kn(sn, = —1)

) = —(h+ B(Sn-1+ Sn+1))Sn

By summation across all spins, the overall potential energy of a given state s
can be calculated,

N

H(s) = — Z Sp(hn + B(sn—1 + Snt1))- (19)

n=1

It is now possible to write down

fmot = Z exp{H(s = (+1,+1,...,+1))} (20)
=Z texp{Nh+ (N —1)8 — 2hof} . (21)

For efficient evaluation, the partition function can be written in the form of
scalar products

7 = ay, - r]:‘N_1 - aR,
where

a, = (e P, eth),

T etBrh  o=f+h
- €_ﬂ_h, e—i—B—h )
A e~ B+h
R — €+B—h .
4.3 Introduction of crosslinkers

To introduce crosslinkers, which can bias the spins into the s, = —1 state,
we included for each spin an additional binary variable ¢, € {0,1}. ¢, =1
referred to the presence of a crosslinker at the position of the respective spin,
and affected the spin switching rate as

kn =exp (—(h — hecn)S$n — BSn(Sn—1 + Snt1)) - (22)
Here, h. > 0 quantifies the bias towards the s,, = —1 state that is exerted by the
presence of a crosslinker. The rate for a state change of the crosslinker variable
Cp, 18

ky =

n

{ ife, =0: kI (Nt —N), (23)

ife, =1 k;5(87u+1)
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Here, N!°t refers to the total number of crosslinkers available, and N, to the
number of crosslinkers currently bound. k7 and k_ are the crosslinker binding
and unbinding rates, respectively. 45, 41 is 0 if s,, = =1 and 1 if s, = +1,
to reflect the detachment of crosslinkers by active myosin seen in the detailed
model.

4.4 Stochastic simulation of spin chain model

To produce example plots of spin chain kinetics, extract autocorrelation times,
and to evaluate the spin chain model with crosslinkers, the rate expression were
used to carry out Gillespie simulations [14]. Time courses of average activity
were extracted by sampling

Ty = <5n> (24)

at different time points m separated by At = 0.1. f,,,+ was then calculated
as the fraction of all z,, that had a value of 1, corresponding to full activ-
ity. To calculate the autocorrelation time, to each z,, value a random variable
sampled from a uniform distribution between 0 and 0.05 was added, then the
autocorrelation time was extracted.

4.5 Choice of model parameters

The fitting of the model parameters that specified the spin chain model without
inhibiting crosslinkers (3, h, and hg) was executed based on a minimization of
the root of the sum of the squared error () between fy,,+ from model and ex-
periment. First, hy = 0.1 was assigned and a range of 5 € [0,10] and & € [0, 0.5]
was scanned by brute force to choose the (5, h) combination that minimized e.
Second, h was released, and the Nelder-Mead simplex (direct search) method
was employed to further minimize £ by adjusting (5, h, ho), starting from the
results of the brute force search. For the addition of crosslinkers, the parame-
ters he = 1.5, k = 0.001, and k. = 1 were assigned to qualitatively reproduce
experimental f,,+ and T4c curves.
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