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Pharmacological modulation of F-actin levels and the corresponding myosin
mechanosensory responses

We used latrunculin-A and jasplakinolide to adjust the F-actin level in myoll null cells
expressing GFP-myosin 1l and determined the amount of F-actin by rhodamine-phalloidin
staining. Cells were grown overnight in the presence of 0.2% DMSO on coverslips, and were
then treated with 5 uM latrunculin-A or 2 pM jasplakinolide for 20 min. The cells were fixed
with -20°C acetone for 3 min. on ice and blocked in 1X PBT (1X PBS, 0.05% Triton X-100 and
0.5% BSA). Samples were stained with 160 nM rhodamine-phalloidin for 1 hour, then washed 4-
5 times with 1X PBT and mounted in 90% glycerol 1X PBS. For quantification of the actin
levels, images were acquired on an Olympus 1X81 microscope under identical imaging
conditions. The fluorescence signals were measured for each cell and used as an indicator of the
relative F-actin amount. More than 300 cells were counted per condition and the signals were
normalized to the average of the 0.2% DMSO control. The cells were also imaged using a Zeiss
510 Meta confocal microscope to study the effects on the actin and myosin Il distributions.

Latrunculin treatment reduced the F-actin levels to 40% of control while jasplakinolide
treatment increased F-actin levels four-fold (Fig. S2A,B). Both drug treatments induced
aggregations of F-actin and myosin Il in the cortex, which lead to the structural non-uniformity
as compared to untreated cells. In the MPA assays, only very low pressures could be applied to
latrunculin-A-treated cells due to their extremely high deformability (higher pressures aspirated
the entire cell into the micropipette, making measurements at these pressures impossible). No
mechanosensitive accumulation was observed at these low pressures. In contrast, jasplakinolide
treatment did not alter the mechanoresponsiveness as compared to control over a range of

aspiration pressures (Fig. S2C).



The 2D kinetic Monte Carlo simulations reflect the 3D events

In the lattice kinetic Monte Carlo simulations, we used a 2D simulation box. However,
the simulations reasonably mimic 3D events because the length of mesh size, the length that
single myosin covers along actin filament, the binding and unbinding rates, and the diffusion
coefficients are based on 3D structures and 3D measurements (1). As far as the diffusion in

different dimensions is concerned, the mean square displacements of a random walk during time
period Atare (Ax)" = 4DAt and (Ax)” =6DAt for 2D and 3D cases, respectively, and hence the

mean square displacement differs only by a factor of 1.5 between the 2D and 3D cases.

However, differences between these 2D and 3D scenarios could slightly alter the cluster size.

The mean-field approximation of E, from statistical mechanics
We considered a one-dimensional actin filament with N binding sites for myosin and
used periodic boundary conditions to mimic an infinitely long filament. The partition function

Z of the system at each ¢ was calculated from 10’random samplings according to

Z= Zgj exp(— Hj/kBT), where g is the corresponding degeneracy of the same energy level
j

and H is the energy of the system definedas H =U — E Here, U is the free energy of the

binding *

system in the absence of the binding of myosin to actin and E is the binding energy of the

binding
system. Mathematically, U has the form of U = NEg, + N¢gE_ , where N¢ gives the number of

myosins in the system, and Eg, and E, , are the energies for the single binding site and myosin,

site

respectively. The binding energy of the system is simply the sum of the binding energy of each

myosin-actin complex that has been defined in the KMC scheme, i.e., Ey g, = Z(Ef’ +AEi)

and AE, = > Ef(x,) for 1<i<Ng. The system energy H then depends on the coverageg.
k

The probability of the system at energy level H; is P, (H j): % g; exp(— Hj/kBT) and the mean
value of H is (H)=>"P;H,. Itis noted that U and E? are constants for each N¢ and do not
i

depend on the permutation of the myosin positions. As a result, they cancel out eventually in the



exponential terms in both the numerator and the denominator of P;. By expanding both sides of

<H>=ZPJHJ. , one has
i
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Again, considering that U and E? are constants, Eq. S1 reduces to
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<ZAEi> is the average change in the binding energy of the system due to the cooperative

<U—ZEi°—ZAEi>=

(S2)

interactions. Since > AE, = > E!(x,)=>.> E’exp(~|x,|/4), the mean-field approximation
i i ik

of ZAEi , E,, can be calculated exactly for each N¢ using Eq. S2 and the values of E_ and A.

The effect of the distribution of actin filament length on the cooperativity of myosin 11

The mesh size of actin network is an average distance between the crosslinking points. In
2D lattice kinetic Monte Carlo simulations, the window size of simulation box is equal to the
mesh size assumed. When the mesh size is much larger than the characteristic decay length of
the strain field, A, changing the mesh size only affects the effective actin concentration in the
simulation box and does not qualitatively change the cooperativity between bound myosins.
However, in cells, the actin filament length has a broad distribution, varying from a few
nanometers to submicron or even microns. If the length of certain actin filaments is close to the
decay length, A (3a=15nm), the cooperativity of myosins on these filaments will not be as
strong as predicted (or simulated) by this paper. To compare the simulation results in this paper
to the myosin behaviors in real cells, it is necessary to take the distribution of actin filament
length into account. For WT Dictyostelium cells, the mean and the median of the actin filament

length are 94 nm and 81 nm, respectively (2). Therefore, the effect of the randomness of actin
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filament lengths is negligible when we compare the simulations to the experiments with

Dictyostelium cells.

The possibility of the force-dependency of the on-rate, k;

Here, the “off” rates k; is considered to be the primary force dependent term for two
reasons. The first is that the in vitro assay in Ref. (3) indicates the cooperativity of myosin Il is
dependent on the isometric, actin-bound state of myosin Il. The second is that the myosin actin-
binding lifetime is force-dependent (4). These two findings strongly suggest that the “off” rates
(or the binding lifetimes of myosin to actin) are force-dependent. However, it is possible that the
strain energy also affects the “on” rates by altering the actin filament structure, promoting
myosin binding. Numerically, we can simulate the cooperativity associated with the changes of
the "on" rates. However, with limited experimental evidence for changes in the "on" rate due to

forces and strains, the biological relevance of such simulations is unclear.

The dependence of AE; on m
According to Eg. 3 (main text), k, is an exponential function of AE;, which is a
function of the amount of bound myosin (m) and is described by
AE; =dm+ Fd/om . (S3)
The first term represents the strain energy and the second term is associated with the applied

force. o can have a value of either o, or ¢, depending on the amount of bound myosin m

according to Eq. 3. &, > 0, is always true since y, > y,. AE] reaches its minimum when m is

at its critical value m_ =./aFd/5 . &, may be defined as &, = Fd/am? . When & > 5,

. AE;
increases with m and otherwise decreases with m. As a result, k , decreases with m if 6 > o,
and increases with m if 6 <J,, . We then considered the case where &, > 5, > J,. Two curves
(dotted lines) describing AE; as a function of ¢ are shown in Fig. S6A with & =6, and J =,
respectively. It is easier to discuss the dependence of AE; on m instead of ¢ as m is related to
¢ by ¢=3m/C,, . During myosin assembly, E initially has a slope of &, at ¢ and the slope

changes to &, as the number of bound myosin ¢ exceeds ¢ . The corresponding transient



behavior of AE; is schematically indicated by the solid curve in Fig. 3A. AE] as a function of

¢ at different Fd/« for E at 1, 2, and 3ksT are shown in Figs S6B-D, respectively.

The concentration of unbound myosin monomer during myosin transport

In cells, the local myosin concentration changes but the concentration of certain myosin
forms might be constant. The mobile or diffusible unit of myosin in cell cortex is more likely to
be the unbound myosin monomer (UMM). The cytoplasm can be considered as a reservoir of
UMM and diffusion is able to quickly smooth the UMM gradient in the cytoplasm, which means
the concentration of UMM is constant during the BTF assembly induced by local force.
Therefore, to simulate the myosin accumulation and BTF assembly during mechanosensing
without using real 3D geometry (results shown in Fig. 5), the concentration of UMM (M and

M ) is kept constant.

The sensitivity of k_ and k. in the absence of force
The coefficientk_may be evaluated numerically by fitting the simulation results to the
observation that the BTF fraction is ~20%-50%. Here, k_ varied in the range 0.004-0.1 s™

assuming C =3.4 uM, C,,, =20.0 uM, E) =1.0kgT, and Fd =0 (Fig. S7A). It can be

myosin actin

seen that high k_leads to less assembled BTF. At k =0.1 s, the BTF concentration is
maintained at 0.7 uM, ~20% of the total myosin. For the case of Ef >1.0kgT, larger k_ is

needed to set steady-state BTF at 0.7 uM (not shown).
As a proof of principle, k, is varied by adjusting C

+

in the range of 5-20 uM,

actin

assuming that C =34 pM, k_=0.1 s EJ =1.0 kT, and Fd =0 (Fig. S7B). It can be

myosin
seen that the high F-actin does promote BTF assembly and the saturation concentration of actin
is about six times the myosin concentration, which is consistent with the experimental

observations (5). For different E?, it is true that higher k, leads to more bound myosin, which

can be seen by comparing Fig. S8A to S8B. In these simulations, the force term is zero and the
myosin concentration is constant. Hence, the simulations reflect the conditions of in vitro BTF

assembly.



Estimation of the Fd term for Dictyostelium cells during MPA measurements
During MPA measurements, the applied pressure is transmitted through the membrane and the
membrane-cortex linkage to the actin cortex. Initially, myosin Il concentration in the cortex,

C is 4 uM of which approximately half is in BTFs (6). Assuming the thickness of the

myosin *
cortex is ~0.5 um, ~2000 myosins per um® counteract the pressure applied externally on the
plasma membrane. Each myosin has two heads and a 4.0 pN stall force. As a result, the upper
bound of duty ratio, 0.06, gives a maximum stress of ~0.5 nN/um? if all engaged myosins are
stalled due to the applied force. This leads to a corresponding maximum value of Fd of ~280

ksT where Fd is based on the total force/area (nN/um?).

The relation between Fd term and the applied pressure during MPA measurements
Besides myosin 11, a number of other load bearing units exist in the actin cytoskeleton, including
actin crosslinking proteins whose concentrations are also on the order of 1 uM. Because these
proteins bear some of the load, only a fraction of the applied pressure is distributed on myosin.
Based on measurements of the cortical tension in interphase wild type and myoll null cells (2),
we estimate that myosin Il contributes ~20% of the cortical tension. Thus, it is reasonable to
assume that myosin Il only bears ~20% of the pressure applied on interphase wild type
Dictyostelium cells during MPA measurements. Further support for this idea comes from the
observation that reducing interphase cortical tension by 3-fold in racE mutants reduces the
mechanosensitive pressure-range of interphase cells by 3-5-fold (RacE controls the distribution
of cortical actin crosslinking proteins) (7). Therefore, the range of 0~280 kgT of Fd for myosin
[ roughly corresponds to 0~2.5 nN/um? (i.e., the maximum is five times ~0.5 nN/um?) of the
applied pressure on the intact wild type cytoskeleton when the cortical myosin Il concentration is
4 uM.

Solving the reaction-diffusion equations of myosin BTF assembly and myosin accumulation
in 3D geometry by COMSOL

The multi-scale model describing the BTF assembly formation and myosin accumulation
was implemented using COMSOL Multi-physics (COMSOL, Burlington, MA) version 4.2. The
model was configured using a geometry drawn in “2D and 2D” axially symmetric space, to take
advantage of symmetry. Subsequent results were displayed in full three dimensions. Each
simulation was meshed using a physics controlled “Normal mesh.” The reaction-diffusion
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equations describing the model were solved using the Coefficient Form Partial Differential
Equation (PDE) Interface found under the Mathematics branch of Physics Interfaces, along with
a zero flux boundary condition. The system of PDEs were first solved at steady state using the
Multifrontal Massively Parallel Sparse (MUMPS) direct solver and the resultant solution set was
used as the initial condition for subsequent simulations. For simulating transient behavior the
MUMPS direct solver along with a Backward Differentiation Formula (BDF) time stepping
method was used. The time step for every computation was allowed to be chosen by the solver
through the “Free” time-stepping option, but the maximum time-step chosen by the solver was
fixed to 0.1s. The total simulation time was set to 200 s. For all the numerical simulations,
COMSOL Multi-physics accepts volume concentrations (uM) in SI derived units, so all
concentrations were converted to mol/m* by multiplying (or dividing) by 10, For simplicity, the
maximum size of BTF in the simulations is n=5 although it was found experimentally that n
could be as large as 36. The cell diameter was 10 um. The diameter of the pipette was 5 um and
the length of the cylindrical part was 2.5 um (Fig. S10). A diffusion coefficient 0.2 pm? /s (1),
was chosen for all myosin forms except for BTF, and BTFs for which the diffusion coefficient

was set to zero. The thickness of the actin cortex is 500 nm. The change of k , due to applied

force was only applied to the actin cortex in the tip region.

The reaction-diffusion equations in the simulations are

aC o%C
=MD azZM +(k4C,,- —kCu)+(k,Cis —k Cy )
C—  0°C
=D (kG- k) ~(k.c; —k Cy)
oC_- azcm*
2-=D = +(kyCo —klcm)—(kﬁw —k_CM*)
oC, o°C, -
aiﬂ =D 6)_(“; +(kCpy —k,ch*)+(k+cW - k,CM*)— 2(szM*2 —k,ch)
aC d’C
=D (kCy 2k ,Co)—2keCo? ~kiCr - (iCoCr —k Carr, )+ (S4)

- (kSCDCBTF3 - k—5CBTF4 )_ (kSCDCBTF4 - k—SCBTF5 )

o o°C
% =D 87(; + (k3CD2 —k3Cr) - (kACDCT —k_4Corr, )

Cpr, 82CBTF4 ( )
a D 2 +(ksCpCarr, —k 5Carr,) —\KsCpCharrs —K sChai1r,
Cprr, 0°Cerr,
=D >+ (ksCpCqre, —k_sC
a P (ksCpCerr, —k sCp1r,)



where C represents the concentration and the subscripts correspond to different components in

the assembly scheme. Parameters and algorithm are listed in Tables S1 to S3.
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Table S1. Constants.

Parameter Value Conversion Description Reference
to Sl derived
units
D 0.2 um°/s 2x10"° m°/s  Diffusion coefficient (1)
ks 0.05s™ 0.05s™ Scheme, Fig. 1 (8)
Ko, 300s™ 300s™ Scheme, Fig. 1: Rate controlling  (9)
B conversion from bound and
unbound states of myosin
monomers in the absence of force
and homo-cooperativity
ko 0.37 uM*'s™ 370 m*mol-s  Scheme, Fig. 1 (10)
K, 0.01s™ 0.01s™ Scheme, Fig. 1 Our estimate
ks 0.0395 uM™*s™*  39.5 m*mol-s  Scheme, Fig. 1 (10)
ks 0.045s™ 0.045s™ Scheme, Fig. 1 (9)
Ky 1.25 pM*s™ 1250 Scheme, Fig. 1 (9)
m%mol-s
K.y 0.025s™ 0.025s™ Scheme, Fig. 1 (9)
Ks 10 uM™'s™ 10,000 Scheme, Fig. 1 Our estimate
m¥mol-s
ks 0.2s™ (forwT) 0.2s™/ Scheme, Fig. 1 (2,11, 13)
or 0.005s™
0.005 s™ (for
3xAla)
Kon 0.45 uM™'s™ 450 m®mol-s On rate for myosin binding to (12)
actin
Cactin 72 uM 72 x10°® Actin concentration in the cytosol  (6)
mol/m®
Cactin_cortex 79 uM 79 x10°° Actin concentration in the cortex (6)
mol/m®
Crnyo tota 3.4 uM 3.4 x10° Total cellular myosin I (6)
mol/m® concentration
a 36 UM ™ 36 x10°M™  The product of the duty ratio, a (6)

geometric factor and the
Avogadro's number
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Table S2. Variables.

Parameter Method of evaluation Description
k. Evaluated numerically by fitting simulation results to  Scheme, Fig. 1: Myosin tail
the observation that C_ 7= ~ 20-50% of phosphorylation rate
CmyoTotaI (ref.(13))
k k C . Scheme, Fig. 1: Rate controlling
1 on ~actin .
conversion from bound and
unbound states of myosin
monomers: _
0 ' .
k,l k,leXp(—AEb (X, y,t)/kBT) Scheme, Fig. 1: Rate controlling

conversion from bound and
unbound states of myosin
monomers
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Table S3. Algorithm for calculating K.

k., (X, y,t) =K% exp(-AE, (X, y,t) /K, T)
Fd(0)

AE, (X,y,t)=E, +———~—
b( y ) s+(lm(X,y,t)

. :{ bet
Y ne*+r(0—-0*)
3m(x, y,t
o= (x,y,t)
Cactin
Fd () = Fd, cos(0)

m(x,y,t) =M *+M *+2D *+4T *+> BTF,

where y,, y,,and @* are derived
from Fig. S5C.

where €0s(8) = cos(arctan(y,x)), and

Fdg is the energy associated with the

maximum applied stress at the cortex by
micropipette aspiration.
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Figure S1. Kinetic Monte Carlo model for cooperative myosin binding to actin filaments.
(A) A schematic graph of the 2D lattice for the KMC simulation is shown. White dots are empty
lattices. Green dots are available binding sites. Yellow dots and blue dots represent bound and
unbound myosins. (B) The exponentially decaying strain field associated with binding. The
binding sites are indicated by green blocks. (C) The energy landscape of myosin binding to actin.
Es is the change of binding energy due to strain. (D) The kinetic binding curves of myosins for

different changes of binding energy due to cooperative binding are shown.
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Figure S2. Adjustment of the myosin Il cortical localization and its mechanosensory
response using actin inhibitors. (A) Confocal images of GFP-myosin Il and rhodamine-
phalloidin stained F-actin in fixed cells treated by 5 uM latrunculin and 2 uM jasplakinolide.
Scale bar represents 10 um. (B) The quantified F-actin levels for different drug treatments (the
number of cells measured per condition is listed on the histogram). (C) The mechanosensory
response of myosin with different drug treatments at different pressures. At each pressure, the
data point (meanSEM) represents measurements from 15-20 cells.
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Figure S3. The nearest-neighbor interaction underestimates the effect of cooperativity on
myosin binding to F-actin. The maximum cluster size of bound myosin in 2D lattice KMC

simulations with nearest-neighbor interaction (i.e., ‘xij‘=a), and long-range interactions (for

example, ‘xij‘s3a) are shown in (A) and (B), respectively. The myosin concentration is

expressed in units of the simulation window size, N. Here, N=128, and the legend insert applies

to both panels.
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Il and cortexillin 1. (A) The strain field in the hetero-cooperative binding regime is shown. (B)
Graph shows the binding curves of myosin alone (open red dots), cortexillin alone (open black
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Figure S6. The dependence of AE; on m, the amount of bound myosin Il. (A) A schematic
plot shows how AE; (black solid line) changes its slope from o, (blue dotted line) to o, (red
dotted line). The AE, changes as a function of m for different Fd/a when E; has a value of

1.0 ksT (B), 2.0 keT (C) and 3.0 ksT (D).

18



A B

2.84 k_ (s™) 5 F-actin (uM)
= 0.004 . nant! e 2 5.0 P00
2 4. o0 F Z 10.0

w 15.0

L 204 004 w 2.0
E’ 01 e 20.0
£ 1.6 5w c
t= .E 1.5-
3 w

1.24 j B
% é‘ 1.0{ £ s

0.8 s 3 f —;.‘.t‘-l‘-‘"""";

500 1000 1500 2000 2500

Time(s)

0 500 1000 1500 2000 2500

Time(s)

Figure S7. The kinetics of in vitro BTF assembly. (A) The assembly kinetics are shown for a

fixed actin concentration but with different k_. (B) The assembly kinetics are shown for

different F-actin concentrations for ES0 at 1.0 kgT.
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Figure S9. The BTF assembly, the associated myosin intensity and the corresponding rates

are calculated at different Fd values but with same cooperativity, ESO: 3 kgT. Left column

is for ky: 7 s7* whereas right column is for ky: 14 s7.
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Figure S10. The geometry of the cross-section of the cell region aspirated into the

micropipette used for 3D simulations in COMSOL.
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Figure S11. The normalized myosin intensity increased with the applied pressure, AP.

Here, the force-dependent term in Eq. 3, Fd/am, is rewritten as APAAd/(2pAAhN ,m), where
area AA=1um? duty ratio p =0.06, thickness of cell cortex h = 0.5 pm and N, is the

Avogadro's number.
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Figure S12. The accumulation of myosin heavy chain kinase C in response to pressure at

different time frames.
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Supplemental Movie Legends

Supplemental Movie 1. Movie shows the simulation result for cooperative binding of myosin Il
to actin filaments. The bound myosins (orange dots) form clusters on the actin filaments. The
grey dots are the freely diffusing monomers. The time delays between each frame increase
logarithmically.

Supplemental Movie 2. Movie shows the simulation result for cooperative binding of myosin Il
and cortexillin I. Clusters containing both myosin Il and cortexillin I are formed due to hetero-
cooperativity. The bound myosins and cortexillins are represented by yellow and red dots,
respectively. The unbound myosins and cortexillins are represented by grey and green dots,
respectively. The time delays between each frame increase logarithmically.

Supplemental Movie 3. Movie shows the accumulation of WT myosin Il in response to applied
force.

Supplemental Movie 4. Movie shows the accumulation of 3xAla myosin Il in response to
applied force.

Supplemental Movie 5. Movie shows a 3D view of WT myosin Il accumulation in response to
applied stress. The movie has an 85° cutout so that the cell interior is visible.
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