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ABSTRACT The actomyosin cytoskeleton generates mechanical forces that power important cellular processes, such as cell
migration, cell division, and mechanosensing. Actomyosin self-assembles into contractile networks and bundles that underlie
force generation and transmission in cells. A central step is the assembly of the myosin Il filament from myosin monomers, regu-
lation of which has been extensively studied. However, myosin filaments are almost always found as clusters within the cell cor-
tex. While recent studies characterized cluster nucleation dynamics at the cell periphery, how myosin clusters grow on stress
fibers remains poorly characterized. Here, we utilize a U20S osteosarcoma cell line with endogenously tagged myosin Il to mea-
sure the myosin cluster size distribution in the lamella of adherent cells. We find that myosin clusters can grow with Rho-kinase
(ROCK) activity alone in the absence of myosin motor activity. Time-lapse imaging reveals that myosin clusters grow via
increased myosin association to existing clusters, which is potentiated by ROCK-dependent myosin filament assembly. Enabling
myosin motor activity allows further myosin cluster growth through myosin association that is dependent on F-actin architecture.
Using a toy model, we show that myosin self-affinity is sufficient to recapitulate the experimentally observed myosin cluster size
distribution, and that myosin cluster sizes are determined by the pool of myosin available for cluster growth. Together, our find-
ings provide new insights into the regulation of myosin cluster sizes within the lamellar actomyosin cytoskeleton.

SIGNIFICANCE Myosin Il molecular motors assemble into higher-ordered clusters within the actin cytoskeleton and
cortex. These clusters are thought to play important roles in controlling force transmission but their regulation is unknown.
Here, we use quantitative fluorescence imaging of adherent cells with endogenously tagged myosin Il to explore regulation
of clusters in the actin cytoskeleton. We find the cluster size distribution is determined both by a limiting pool of myosin and
by the underlying actin organization.

INTRODUCTION production in cells. For example, in nonmuscle cells,
F-actin bundles and myosin filaments form contractile bun-
dles that span the cell, called stress fibers. While both
F-actin and myosin must be regulated to build stress fibers,
F-actin regulation has been well-studied (for example, re-
viewed in (5,6)) and myosin regulation is relatively less
understood.

Most studies on myosin regulation have focused on the
assembly of myosin filaments from myosin molecules. At
the molecular scale, the ability of myosin to assemble into
myosin filaments is determined by the transition between
its assembly-incompetent autoinhibited state and its assem-
bly-competent active state (7). This transition largely de-

Various cellular processes and dynamics in cells depend on
mechanical forces generated by the actomyosin cytoskel-
eton, such as cell motility (1), adhesion (2,3), and mechano-
sensing (4). The central contractile molecular element of the
actomyosin cytoskeleton is nonmuscle myosin II (NMII,
hereafter referred to as myosin), which self-assembles into
myosin filaments that contract actin filaments (F-actin) to
generate contractile forces. In combination with cross-
linkers and other actin binding proteins, actin and myosin
build contractile actomyosin structures that underlie force
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containing kinase (ROCK), can phosphorylate the Thr18 or
Ser19 residues of the RLC to promote myosin filament as-
sembly (1,8,9). Phosphorylation sites on the myosin heavy
chain have also been shown to play a role (1,10). Aside
from biochemical regulation, mechanical tension has also
been proposed to impact the assembly of myosin filaments
(11-13).

Despite the importance of myosin filament regulation,
single myosin filaments are rarely observed in cells. While
some individual myosin filaments may be observed near
the cell periphery at the leading edge, most myosin fila-
ments in cells form clusters, where multiple myosin fila-
ments come into close contact with each other with their
myosin head domains. Described as ribbons or stacks,
myosin clusters were best visualized using electron micro-
scopy (12,14-16). Myosin clusters at the leading edge of
the cell usually contain fewer myosin filaments, while
more myosin filaments cluster together toward the cell
body as they associate with stress fibers. Myosin clusters
can further register with each other to form superstructures
on stress fibers (17). However, it remains largely unknown
how myosin filaments self-associate to form clusters and
how the process is regulated.

Recent studies have characterized the dynamics of
myosin clusters to understand their formation at the leading
cell edge. Using superresolution microscopy, myosin fila-
ments were observed nucleating at the leading edge of the
cell (18,19). After nucleation, more myosin filaments were
recruited to the nucleated filament to form myosin clusters.
Through rounds of amplification and splitting, myosin clus-
ters amplify both in size and number before incorporating
into stress fibers. The amplification and splitting dynamics
have been shown to depend on myosin monomer availabil-
ity, myosin motor activity, actin dynamics, and actin density
(18,19). While myosin cluster dynamics at the leading edge
and their regulation is thought to be general for all myosin
clusters in cells, myosin cluster sizes on stress fibers have
not been properly characterized.

In this work, we explore the regulation of myosin cluster
sizes distribution in the lamella of adherent cells. To this
end, we quantitatively characterized endogenously tagged
nonmuscle myosin IIA (NMIIA) in adherent U20S osteo-
sarcoma cells. The size distribution of myosin clusters found
within actin networks and bundles within the lamella is
quite broad. ROCK activity is sufficient to grow myosin
clusters without myosin motor activity by increasing the
pool of assembled myosin that can associate with existing
ROCK-independent myosin clusters. Myosin motor activity
further enhances myosin cluster growth by myosin associa-
tion, which is dependent on F-actin architecture. A toy
model of myosin cluster growth with myosin self-affinity
is sufficient to recapitulate the broad distribution of cluster
sizes. Our results suggest that myosin cluster sizes within
the lamella of adherent cells are set by a limiting pool of
myosin available for cluster growth.
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MATERIALS AND METHODS
Cell culture

U20S cells were cultured in McCoy’s SA Medium (Sigma-Aldrich, St.
Louis, MO) supplemented with 10% FBS (Corning, Corning, NY) and
2 mM L-glutamine (Invitrogen, Waltham, MA). To visualize myosin, mScar-
let was knocked in at the C-terminal locus of the MYH9 gene using CRISPR.
The target/Cas9 plasmid pSpCas9(BB)-2A-Puro (PX459) V2.0 (http://www.
addgene.org/62988/) with target sequence AGGTAGATGGCAAAGCGGAT
was engineered according to established protocols (Ran et al., 2013). To
create a donor plasmid, pUC57 was digested with EcoRI and Stul and puri-
fied. A four-piece Gibson assembly was then performed. Three gBlocks (5
HDR, linker/mScarlet, and 3" HDR) were obtained from IDT with overlap-
ping extensions to mediate Gibson assembly. The 5 HDR arm is 867 bp of
genomic sequence terminating immediately before the endogenous STOP
codon. Silent mutations (AaGTtGAcGGaAAAGCGGATGGt) were placed
in the target sequence to prevent Cas9 binding and cleavage of the donor
plasmid. The linker/mScarlet was placed in-frame with the coding sequence
and consists of an 18-amino-acid GS-rich linker and mScarlet-I fluorophore.
The 3 HDR arm is 684 bp immediately downstream of the MYH9 coding
sequence. U20S cells were transfected with both Cas9 and donor plasmids.
After ~1 week in culture, a polyclonal mScarlet positive population was ob-
tained using fluorescent-activated cell sorting (FACS). The resulting popula-
tion shows only one single mScarlet-positive population (confirmed by flow
cytometry). Coupled with our observation that the knockin efficiency is low
(much less than 1%), our characterization suggests a homogeneous popula-
tion of monoallelic-inserted cells.

For fluorescence recovery after photobleaching (FRAP) experiments,
eGFP was knocked in at the N-terminal locus of the MYH9 gene instead.
The following modifications were made for the CRISPR procedure. The
target sequence for the guide RNA is AAACTTCATCAACAATCCGC.
Donor plasmid was generated in pUCIDT-AmpR with internal mEGFP
flanked by 5’ and 3’ HDR. The 5 HDR is 498 bp upstream of endogenous
start and 3’ HDR is 383 bp downstream of endogenous start. All cells were
previously treated with BM cyclin (Roche, Basel, Switzerland) per manu-
facturer instructions to eliminate mycoplasma.

Drug perturbations

Cells were treated with 40 uM Y-27632 (EMD Millipore, Burlington, MA) or
50 uM blebbistatin (MilliporeSigma, Burlington, MA) for at least 30 min.
For drug washout experiments, drugs were removed for 30 min before fixa-
tion and permeabilization. Latrunculin A (Sigma-Aldrich, St. Louis, MA)
was used at a subsaturating concentration of 50 nM for 30 min.

Immunofluorescence

Cells were first washed with warm PBS. Then cells were fixed and permea-
bilized with 4% paraformaldehyde (EMS, Hatfield, PA) and 0.5% Triton
X-100 (Fisher Scientific, Waltham, MA), diluted in 1.5% BSA (Fisher Sci-
entific, Waltham, MA) and cytoskeletal buffer (0.01 M MES, 0.003 M
MgCl,, 0.138 M KCl, 0.002 M EGTA [pH 6.8]). To visualize F-actin, cells
were then washed with PBS then incubated with Alexa-647 phalloidin (In-
vitrogen, Waltham, MA) at 1:1000 dilution, 0.5% Triton X-100, and 1.5%
BSA diluted in cytoskeletal buffer. Cells were then washed with PBS and
mounted onto a coverslip with ProLong gold antifade reagent (Invitrogen,
Waltham, MA).

Microscopy and live-cell imaging

Cells were imaged on an inverted Nikon Ti-E (Nikon, Melville, NY) with a
Yokogawa CSU-X confocal scanning head (Yokogawa Electric, Tokyo,
Japan) and laser merge model with 491, 561, and 642 nm laser lines
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(Spectral Applied Research, ON, Canada). Images were collected on a Zyla
4.2 sCMOS Camera (Andor, Belfast, UK). A 60x 1.2 Plan Apo water (Ni-
kon) objective was used to collect images. MetaMorph Automation and Im-
age Analysis Software (Molecular Devices, Sunnyvale, CA) controlled all
hardware. For quantitative myosin cluster size analysis, all imaging condi-
tions are controlled to be the same in each set of experiments, including
laser intensity and exposure time. For FRAP experiments, Airyscan imag-
ing was performed on a Zeiss LSM 980 microscope equipped with the Air-
yscan 2 detector. Images were acquired using the MPLX SR-4X mode and
processed by Zen Blue 3.0 software using the Airyscan processing feature
with default settings. For live-cell imaging, cells were mounted on an im-
aging chamber (Live Cell Instruments, Republic of Korea) and maintained
at 37°C. For live-cell imaging, cell medium was replaced with Dulbecco’s
modified Eagle medium without phenol red (Corning, Corning, NY) sup-
plemented with 10% FBS, 2 mM L-glutamine, 1% penicillin-streptomycin
(Corning, Corning, NY), 10 mM HEPES (Corning, Corning, NY), and
30 uL/mL Oxyrase (Oxyrase, Mansfield, OH).

Image processing

For the quantification of myosin cluster sizes, confocal images were
captured ~2 um around the focal plane to capture all intensities and z pro-
jection ~1 um was performed around the focal plane where myosin is in
focus. To remove diffuse myosin background, immunofluorescence images
were first background subtracted using a top-hat filter with a circular
element with a diameter of 50 pixels. Then myosin clusters were localized
using a feature-finding code (20), where a bandpass filter is applied on the
image to preserve circular features with a diameter of 7 pixels. The noise
floor is identified as the maximum pixel intensity in a background region
outside of the cell, and local maximum in the bandpassed space with an in-
tensity higher than the noise floor is accepted as a feature candidate. The
identified features were filtered based on the general criteria: maximum
radius of gyration 4.75, maximum eccentricity 0.48, and intensity divided
by radius of gyration. Features outside of the cell area and features closer
than 2 pixels apart (0.2 um) were also excluded. Myosin puncta intensities
were then fitted to a lognormal distribution using maximum-likelihood esti-
mation (MATLAB, The MathWorks, Natick, MA).

Live-cell imaging movies were first corrected for photobleaching. The
photobleaching curve was generated by summing all pixel intensities within
a cell. The photobleaching curve was then fitted empirically to a double
exponential decay function of the form ¢(¢) = Ae=” + (1 — A)e~'. Then
intensities were corrected by dividing the imaging intensity to the curve
Leorrectea(t) = 1(1)/q(r). Afterward, movies were either denoised by
applying a spatial Gaussian filter (¢ = 1 pixel) or by Noise2Void (21).

To analyze FRAP experiments, both FRAP and control regions were
identified. A double normalization scheme is used to normalize data and
correct for photobleaching /.., = f—(/ i’(’% The FRAP curve is fitted to
I(r) = C(1 — e ') to extract the recovery half time 7, = In2/a and
the mobile fraction C. All analysis codes are available upon request.

To track myosin clusters over time, we used the quantitative fluorescence
speckle microscopy (QFSM) (22) package. The QFSM package was
retrieved from GitHub (https://github.com/DanuserLab/QFSM). In brief,
each image was first Gaussian filtered with a standard deviation of 0.36
pixels. Myosin clusters were localized using the speckle detection algo-
rithm with the following parameters: standard deviation for Gaussian
low-pass filtering was 0.36 pixels, a value for statistical selection was
0.5, with no iterative selection. The flow rate of speckles was determined
using a template window size of 17 pixels, then particle tracking was con-
ducted with a search radius of 4 pixels and correlation length of 33 pixels.

Simulation of myosin cluster growth

The simulation setup is summarized in the main text. To match the initial
myosin cluster size distribution in the simulation with experimental condi-

Myosin clusters in adherent cells

tions, each grid point is initialized with a cluster size that is randomly
sampled from the experimental cumulative distribution of cluster sizes. Af-
ter all grid points have been initialized, the initial total cluster size can be
calculated, and Ny, can be determined by percent increase of total myosin
cluster sizes in experimental quantifications as described in the main text.
The simulation iterates through the random binding of N,,, myosin fila-
ments to a grid. In each iteration, one myosin filament binds to a grid chosen

by the default Python function choices, with the probability to choose each

grid being P; = % as described in the main text. Code is available
aMj

J
on GitHub (https://github.com/WHChou/Myosin-cluster-simulation).

RESULTS

Myosin filaments form clusters of a broad range
of sizes within lamellar actin networks and
bundles

To study the regulation of myosin clusters, we chose the hu-
man osteosarcoma U20S cell line because their lamellar actin
architectures, including stress fibers, have been well charac-
terized (23,24). Using a CRISPR knockin approach, we
endogenously labeled nonmuscle myosin IIA by inserting
an mScarlet gene at the C-terminal locus of MYH9 (see mate-
rials and methods). We chose to focus on nonmuscle myosin
ITA because of its role in generating contractile forces in cells
(25,26), and it is the dominant myosin isoform in U20S cells.
Since myosin assembles into a filament with their C-terminal
tail overlapping at the bare zone, the fluorescence signal rep-
resents the central location of a myosin filament (Fig. 1 A). Us-
ing spinning disk confocal imaging, we see that most myosin
appears as diffraction-limited puncta of similar physical di-
mensions but with varying intensities (Fig. | B). These myosin
puncta often colocalize with F-actin bundles (Fig. 1 B). Since
our imaging conditions are likely insufficient to confidently
detect single myosin filaments, each punctum likely contains
multiple myosin filaments. We therefore refer to these punc-
tate structures as myosin clusters, which may represent single
or multiple closely associated myosin stacks.

To characterize myosin cluster dynamics, we conducted
time-lapse live-cell imaging. While myosin clusters undergo
retrograde motion and contract inward toward the cell cen-
ter, they remain stable over time, persisting for at least 8 min
(Fig. S1 A and Video S1). This suggests that myosin clusters
are not multiple randomly overlapping structures but rather
stable structures that move together as one unit. Despite
their structural stability, the constituents of myosin clusters
exchange rapidly. When we perform FRAP analysis on
myosin clusters, we see that myosin fluorescence recovers
with a half-time of ~2 min and a mobile fraction of 80%
(Fig. S1, B, D, and E), consistent with previous reports
(23,25,27,28). We also observed FRAP recovery at the level
of individual myosin clusters. Instead of assembling new
myosin clusters or transporting clusters into the photo-
bleached region, nearby myosin clusters undergo FRAP re-
covery at a similar rate (Fig. S1 C). This suggests that
myosin is continually exchanging within myosin clusters,
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FIGURE 1 Myosin filaments form clusters of a broad range of sizes on stress fibers. (A) Schematics of the experiment setup. Nonmuscle myosin IIA is
endogenously tagged on the C-terminal tail so that myosin filaments will appear as diffraction-limited puncta. The intensity of each punctum is directly pro-
portional with the amount of myosin filaments in each cluster. The number of myosin heads on a filament have been reduced for simplicity. (B) Representative
images of nonmuscle myosin IIA (myosin) and F-actin in a U20S cell. The right panels show zoom-in of myosin clusters from the two red boxes. Images are
inverted. Scale bar, 10 um. (C) Examples of myosin cluster localization. In the cluster identification column, each myosin intensity maxima is shown as a red
dot. The brown circles indicate a typical area where the integrated intensity of a myosin punctum is calculated. The intensity profile column shows the in-
tensity profile along the blue line in (B (i)) and (B (ii)). (D) Myosin clusters in cells color coded by their sizes. Ny,;, represents the minimal myosin cluster size
that can be detected, as discussed in the text. (E) Histogram of myosin cluster sizes. Inset shows the cumulative distribution of myosin cluster sizes. To see this
figure in color, go online.

with constant association and dissociation of myosin. Since bound to the lamellar actin network or bundles, we fixed
myosin clusters contain multiple myosin filaments (see and permeabilized the cells before imaging to remove un-
characterization below), FRAP recovery may indicate the = bound or weakly bound myosin. We noticed diffuse myosin
exchange of single myosin monomers, oligomers, or whole intensity within the cell that is higher than background in-
filaments. tensities even after fixation and permeabilization (Fig. S2,

Since myosin is endogenously labeled, myosin punctum  B—D); this may indicate myosin bound to the cellular cortex.
intensity reflects the number of myosin filaments within To focus on quantifying the intensities of myosin puncta,
each cluster. To quantify the intensities of myosin clusters we exclude the diffuse background by performing local
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background subtraction. Then, the centroid location of each
myosin punctum is determined using previously developed
methods (20). In brief, each image is passed through a band-
pass filter to preserve circular features with a diameter of
~700 nm, about the typical size of a myosin punctum. Local
maxima with intensity higher than background noise are
accepted as puncta candidates (Fig. 1 C). We further filter
out puncta that are irregularly shaped or puncta whose inten-
sity are too spread out (see materials and methods). The re-
maining puncta candidates are accepted as valid myosin
clusters. Each myosin cluster’s intensity is then calculated
as the integrated intensity of each punctum within a diam-
eter of ~700 nm.

While the absolute number of myosin molecules within
each cluster requires careful calibration between fluores-
cence intensity and the number of fluorescent proteins
(29), their relative sizes can be assessed without this calibra-
tion. To compare the sizes of myosin clusters across
different cells and experimental conditions, we normalize
all myosin cluster intensities within the same set of experi-
ments against the minimum myosin intensity identified in
each experiment. We posit that this minimum intensity
(Iimin) reflects the minimal number of myosin molecules in
a cluster (N,,;,) that we can detect above the noise floor.
Niuin likely represents more than one myosin filament (see
Quintanilla et al., 2023, who suggest that the vast majority
of identifiable myosin structures at the leading edge of the
cell contains more than one myosin filament). Since we
keep the imaging conditions and analysis parameters con-
stant in each experiment, we reasoned that N, will be
the same but I,;;, can vary slightly across different experi-
ments. Therefore, we normalize myosin cluster intensities
in each experiment to I,;, and present myosin cluster sizes
as multiples of Np.

With this approach, we find a broad distribution of
myosin cluster sizes across the cell, ranging up to 30-fold.
Most myosin clusters contain three times more myosin
than N,,;,, but there is a sizable fraction of larger myosin
clusters containing 20-fold more myosin than N,;, (Fig. 1,
D and E). This is also demonstrated by the histogram of
myosin cluster intensities, which shows a long-tailed distri-
bution (Fig. 1 E). Myosin intensity is also spatially hetero-
geneous (Fig. 1 D). Myosin clusters tend to be smaller at
the lamellar region or newly formed transverse arcs, con-
taining only 2—4 times more myosin than N, (Fig. 1, C
(i)). On the other hand, myosin clusters tend to be larger
on mature transverse arcs in the cell body or on ventral stress
fibers, with more than 15 times more myosin than N,
(Fig. 1 C (ii)). In addition, the number of myosin clusters
scale with cell area (Fig. S2 A), suggesting that there is a
well-defined density of myosin clusters.

Myosin cluster sizes can be determined by their growth
dynamics. Since we observed both de novo assembly and
growth of existing clusters in our time-lapse imaging of
myosin clusters (Video S1), we sought to determine which

Myosin clusters in adherent cells

process dominates. We estimated their relative contributions
by tracking myosin clusters in untreated cells over time us-
ing QFSM (22). To estimate de novo assembly rates, we
looked at myosin clusters identified over a 5 min interval.
We found that ~70% of the myosin clusters were stable
for at least 5 min while the remaining 30% are newly iden-
tified clusters. Of the new clusters, 45% are dim enough to be
considered de novo assembly events since they have inten-
sities smaller than three times the size of N,,;,. The other
55% of the new clusters may be attributed to either cluster
disassembly or tracking errors caused by particle-tracking
analysis. Taken together, these values suggest that, over
several-minute timescales, de novo assembly contributes a
small fraction (~13.5%) of myosin clusters while the vast
majority (~70%) of the myosin clusters are stable. This in-
dicates that, during these timescales, the majority of myosin
cluster growth occurs through the growth of existing clusters.

Rho-kinase activity drives growth through net
myosin association to existing clusters

Recent literature showed that myosin clusters at the leading
edge are regulated by myosin monomer availability and
motor activity (18,19). We designed an experiment to test
their respective contributions to the growth of myosin clus-
ters within the lamellar actin. To promote myosin cluster
disassembly, cells were treated with 40 uM ROCK inhibi-
tor Y-27632 (Y-27, inhibits ROCK-dependent myosin light
chain phosphorylation) and 50 uM blebbistatin (myosin II
ATPase inhibitor, which locks myosin in a weak actin-
binding state (30)) for 30 min. Even after treatment, resid-
ual myosin clusters with low fluorescence intensity re-
mained (Fig. 2 A, Y4+B+). The sizes of the remaining
myosin clusters are smaller with less variation, averaging
around two to three times the size of N, (Fig. 2 B,
Y+B+). These myosin clusters are presumably formed
by myosin filaments that are phosphorylated by other ki-
nases, such as MLCK or MRCK, formed by increasing
the total monomer pool above a critical threshold to enable
spontaneous filament assembly (29), or as a result of
incomplete ROCK inhibition.

To decouple the role of ROCK and myosin motor activity
on myosin cluster growth, we selectively retain one inhibitor
during washout of the other. When we selectively washed
out blebbistatin but retained Y-27, we saw no apparent in-
crease in myosin cluster intensity (Fig. 2 A, Y+B-). The to-
tal amount of myosin contained within clusters marginally
decreased compared with the cells treated with both inhibi-
tors (Fig. 2 C). To quantify the size distribution of myosin
clusters across different conditions, we fitted the myosin
cluster intensity distribution to a lognormal distribution
and used the mode of this distribution to represent the
most probable myosin cluster size. The mode of myosin
cluster intensity only marginally changed with blebbistatin
washout (Fig. 2 D).
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FIGURE 2 ROCK activity is sufficient for myosin clusters to grow in the absence of myosin motor activity. (A) Top row shows representative myosin
images of cells with or without ROCK activity and myosin motor activity. In the left panel, myosin clusters were disassembled by both Y-27632 and bleb-
bistatin (Y+4B+-). The middle panel shows cases where Y27 or blebbistatin are removed individually (Y+B- and Y-B+). The right panel shows the control
condition where both inhibitors are removed (Y-B-). Zoomed in myosin images are shown in the bottom row. Images are inverted. Scale bars, 10 um (top
row) and 2 um (bottom row). (B) Histogram of myosin cluster size between Y27/blebbistatin-treated and blebbistatin-treated cells. Inset shows the cumu-
lative distribution of cluster sizes. (C) The sum of myosin cluster sizes. (D) Mode of myosin cluster size distribution. (E) Density of myosin clusters. n = 20
cells for each condition. Two-sample Kolmogorov-Smirnov tests were performed in (C-E) to test if the measured quantity differs between conditions. n.s.
signifies p > 0.05, * signifies p < 0.05, ** signifies p < 0.01, *** signifies p < 0.001. To see this figure in color, go online.

In contrast, when Y-27 is removed but blebbistatin is re-
tained, the total amount of myosin contained within clusters
across the lamella increased by ~42% (Fig. 2 A and C,
Y-B+). From the histogram of myosin cluster sizes, we es-
timate that myosin clusters grow up to 4—15 times the size of
Nipin with ROCK activity alone (Fig. 2 B, Y-B+).
Compared with myosin cluster size distributions in cells
treated with both inhibitors, the peak of the distribution
shifts toward larger sizes and the tail widens with ROCK ac-
tivity. This indicates both that the most probable myosin
cluster size and the fraction of larger myosin clusters
increased. This is also shown by the increasing mode of
myosin cluster intensity when Y-27 is selectively washed
out (Fig. 2 D). Interestingly, myosin cluster density re-
mained at similar levels in all drug conditions (Fig. 2 E).
This suggests that ROCK activity is sufficient for myosin
clusters to grow, predominantly through the accumulation
of myosin to existing clusters but not through forming
new clusters.

As a control, when we washed out both inhibitors, we
observed the recovery of stress fibers, as demonstrated
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by the presence of linearly arranged myosin (Fig. 2 A, Y-
B-). Interestingly, the total amount of myosin in clusters
were not significantly different from cells where only
Y-27 is washed out (Fig. 2 C, Y-B-). Similarly, the mode
of myosin cluster sizes (Fig. 2 D) remains largely un-
changed, while the myosin cluster density decreased slightly
(Fig. 2 E). While one may expect this control condition to
parallel untreated cells, this may suggest that the timescale
of the washout was not sufficient for myosin motor activity
to fully reestablish myosin cluster sizes. We will further
investigate the role for myosin motor activity in the next
section.

To visualize ROCK-mediated myosin cluster growth, we
conducted live-cell imaging of fluorescently tagged myosin
as Y-27 is selectively washed out in cells treated with both
Y-27 and blebbistatin (Fig. 3 A). As Y-27 is washed out, the
intensities of myosin clusters increased over 20 min (Fig. 3,
A and B). We see a ~6% increase in myosin density when
we wash out the ROCK inhibitor (Fig. 3 B), which we sus-
pect is at least partially caused by the reduced cytoplasmic
background after ROCK washout that allows smaller
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myosin clusters to be resolved. Alternatively, this could
reflect some myosin clusters assembling de novo. The dy-
namics of individual myosin clusters reveal that most clus-
ters are very mobile and only appear transiently for a few
frames after washing out Y-27 (Fig. 3 C and Video S2).
We think that this does not represent rapid assembly and
disassembly dynamics but instead reflects that myosin is
weakly bound to F-actin due to blebbistatin treatment
and, consequently, leaves the field of view. It is therefore
challenging to track single myosin clusters over time.
Nevertheless, we observed some myosin clusters growing
in intensity without apparent interaction with other clusters
(Fig. 3 D and Video S3). This suggests that myosin clusters
grow via a net association of myosin monomers or fila-
ments to existing myosin clusters, potentiated by the in-
crease in assembly-competent myosin driven by ROCK
activity (Fig. 3 E). Moreover, myosin clusters that appear

at later times have higher intensities than myosin clusters
that appear earlier in the washout (Fig. 3 C). This suggests
that myosin clusters may grow while diffusing around the
cytoplasm.

Myosin motor activity allows myosin clusters to
grow through F-actin-dependent myosin
association

Our results so far show that ROCK activity is sufficient
for myosin cluster growth without myosin motor activity.
Next, we explored the role of myosin motor activity in
myosin cluster growth. To this end, we compared myosin
cluster sizes in cells treated with blebbistatin with untreated
cells (Fig. 4 A). We see that the total myosin contained in
clusters decreased by about 35% with blebbistatin treatment
(Fig. 4 C). This is consistent with previous studies showing
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that myosin motor activity affects myosin filament assembly
(12). At the level of single myosin clusters, most myosin
clusters in blebbistatin-treated cells contain around 4 times
more myosin than N,,;, but can contain up to 18 times more
than N,,;, (Fig. 4 B), which is consistent with the case when
Y-27 is washed out in cells treated with Y-27 and blebbista-
tin (Fig. 2 B, Y-B+). In contrast, while the most probable
myosin cluster size only modestly increased to 5-6 times
more than N, in control cells (Fig. 4, B and D), there is
a larger fraction of myosin clusters that contain more than
15-fold of N, reaching up to 28-fold of N, (Fig. 4 B).
As in the case of ROCK-dependent myosin cluster growth,
myosin cluster density remains the same with blebbistatin
treatment (Fig. 4 E).
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To understand how myosin motor activity can further
enhance myosin cluster size, we performed live-cell myosin
imaging as we washed out blebbistatin (Fig. 5 A and Video
S4). Consistent with fix and stain results, myosin cluster in-
tensity increased as blebbistatin is washed out (Fig. 5 B).
We also see a ~10% change in myosin cluster density
during our time-lapse imaging experiment (Fig. 5 B). Dur-
ing this process, myosin clusters are more stably bound,
persisting for more than 10 min (Fig. 5 C). Some myosin
clusters increase intensity over time without apparent local
motion or interaction with neighboring clusters, suggesting
an increased net myosin association to existing clusters
(Fig. 5, C and D). We also observe that some myosin clus-
ters undergo local motion toward each other and merge
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into a brighter cluster (Fig. 5, C and E), suggesting myosin
cluster growth through actomyosin sliding. In addition,
some de novo myosin cluster assembly events can be
observed (Fig. 5 C).

Since blebbistatin does not impact RLC phosphorylation,
we reasoned that myosin motor activity can only indirectly
affect myosin association. Since F-actin has been proposed
to regulate myosin assembly and myosin cluster growth at
the leading edge (18,19,31), we wondered if F-actin could
play a role. Consistent with this idea, myosin cluster sizes
across the cell positively correlate with the underlying
F-actin intensity (Fig. S3, A—C). Since different stress fiber

architecture contains variable amounts of myosin, we
restricted our analysis to mature transverse arcs and ventral
stress fibers. On these stress fibers, myosin cluster sizes
correlate strongly with the intensity of F-actin bundles
(Fig. 6, A and C). On the other hand, myosin cluster sizes
across the cell showed much less positive correlation with
the underlying F-actin intensity (Fig. S3 D). While there
are few F-actin bundles in blebbistatin-treated cells, myosin
cluster sizes showed much less positive correlation with the
intensity of the remaining F-actin bundles (Fig. 6, B and C).
Since both the slope and R? of the correlation decreased
with blebbistatin treatment (Fig. 6 D and E), this suggests
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that F-actin plays a role in myosin cluster growth only in the
presence of myosin motor activity and/or strong binding.
To further understand how F-actin architecture affects
myosin cluster size, we perturb the stress fiber architecture
and see how myosin clusters respond. With subsaturating
concentrations of latrunculin A (LatA), we disrupted the
smallest F-actin bundles and meshwork within the lamella.
As aresult, large F-actin bundles such as ventral stress fibers
became the dominant F-actin architecture in cells (Fig. 7, A
and B). While the overall F-actin intensity decreased, the in-
tensity of remaining F-actin bundles remains largely un-
changed (Fig. S4, A and B). Under LatA treatment, the
sizes of myosin clusters did not change significantly
(Fig. 7, C and E), but the total amount of myosin within
clusters decreased (Fig. 7 D). Since LatA treatment has
been reported to neither alter nor increase myosin light
chain phosphorylation (32), we hypothesized that myosin
cluster sizes are impacted by the change in F-actin architec-
ture. Indeed, the reduction in the F-actin meshwork under
LatA treatment is concurrent with the decrease in myosin
cluster density (Fig. 7 F). With thin F-actin bundles
depleted, myosin clusters accumulated on larger transverse

10 Biophysical Journal 123, 1—-15, January 16, 2024

arcs and ventral stress fibers. On these F-actin bundles,
myosin cluster sizes exhibited a similar positive correlation
with F-actin bundle intensity (Fig. 7 G), consistent with the
correlation across the cell (Fig. S3 E). This suggests that
myosin cluster sizes depend on the underlying F-actin
architecture.

Myosin cluster growth with a positive feedback is
sufficient to recapitulate the broad range of
myosin cluster sizes

With our experimental results showing myosin clusters
growing via net association to existing clusters, we wanted
to quantitatively describe myosin cluster growth. To this
end, we constructed a toy model to simulate myosin cluster
growth. We modeled myosin cluster growth as a Monte
Carlo process, where a predetermined number of myosin fil-
aments (Ny,y,) iteratively bind randomly to a 1D grid of
10,000 points. The number of grid points is fixed because
myosin cluster density remained similar across almost all
experimental conditions (Figs. 2 E and 4 E). The simulation
iterates through all myosin filaments, where one myosin



https://doi.org/10.1016/j.bpj.2023.12.004

Please cite this article in press as: Chou et al., Limiting pool and actin architecture controls myosin cluster sizes in adherent cells, Biophysical Journal (2024),

50000

40000

~

30000

o

@

20000

10000

Mode of myosin cluster size (X Nyin)

=

E
=2
=
S
7]
B
7]
=
=]
£
?
o
>
£
ol
°
2

LatA ctrl LatA Ctrl

Myosin clusters in adherent cells

LatA C

0.1
et
[LatA

0.08
1Cumulalive Distribution

e
=3
=3

Frequency
)
(=3
R
Frequency
e
«

0
0 20 40

Myosin cluster size (x N

0.02- § 1

min)

LLLEEE T e—

0 10 20 30 40 50
Myosin cluster size (x N__ )

min’

.n
(o)

=4

min
e
3
R? of correlation
o

08

06

Myosin cluster size (x N__. )
@
8

Density of myosin puncta (1/um?)

LatA Ctrl
0 5 10 15
F-actin bundle intensity (a.u.) x10*

FIGURE 7 Myosin association to F-actin bundles depends on F-actin architecture. (A) F-Actin and myosin on select F-actin bundles in control cells. (B)
F-Actin and myosin on select F-actin bundles in LatA-treated cells. Scale bars 10 um (whole cell image) and 2 um (zoomed-in image). (C) Histogram of
myosin cluster sizes between LatA-treated and control cells. Inset shows the cumulative distribution of both conditions. (D) The sum of all myosin cluster
sizes. (E) Mode of myosin cluster size distribution. (F) Density of myosin clusters. n = 18 cells for LatA-treated cells and n = 18 cells for control cells. Two-
sample Kolmogorov-Smirnov tests were performed in (D-F) to test if the measured quantity differs between conditions. n.s. signifies p > 0.05, ** signifies
p < 0.01, #** sjgnifies p < 0.001. (G) Correlation between myosin cluster intensity and F-actin bundle intensity in control and LatA-treated cells. Correlation
is plotted for myosin clusters on every selected bundle in a single cell. Inset shows the R of the correlation between control and LatA-treated cells. n = 5 cells
in each condition. The two-sample #-test is performed for statistical analysis. n.s., p > 0.05. To see this figure in color, go online.

filament binds randomly to a grid point in each iteration.
(Fig. 8 A). The probability for the myosin filament on a
given iteration to bind to grid point i is given by P; =

—teMi_ \where M; is the number of myosin filaments at
> (14am))

J
that grid point. The parameter « is an affinity parameter

that captures scenarios where myosin filaments preferen-
tially bind to existing myosin clusters. This is motivated
by recent literature that suggests myosin filaments preferen-
tially bind to existing myosin clusters (18,19,29).

First, we use our toy model to simulate myosin cluster
growth without myosin motor activity, specifically when
Y-27 is washed out in cells treated with both Y-27 and
blebbistatin (Figs. 2 A and 8 B (i)). To make a meaningful
comparison between the simulation and experiments, we
initialized the simulation such that the size of myosin
clusters on each grid matches the size distribution in cells
treated with both Y-27 and blebbistatin (Fig. 8 B (i),
Y+B+). This is done assuming that N, represents
one myosin filament. As a result, the initial total amount
of myosin within clusters in the simulation is approxi-
mately 47,000. Since our experimental results showed
that ROCK-dependent myosin cluster growth increases
assembled myosin by about 42% (Fig. 2 C), the simula-
tion iterates through the binding of approximately
20,000 additional myosin filaments. If we assume that

myosin filaments can bind to each grid point with equal
probability (¢= 0), corresponding to uniform growth
rates across the cell, the myosin cluster sizes at the end
of the simulation exhibit a Gaussian-like distribution
(Fig. 8 B (ii)). However, this result contradicts the exper-
imentally observed lognormal distribution when we
selectively wash out Y-27 (Fig. 8 B (i), Y-B+). When
the affinity parameter is nonzero («a>0), the simulated
cluster sizes start to qualitatively recapitulate the
lognormal distribution of myosin cluster sizes in the
absence of myosin motor activity (Fig. 8 B (iii)). We
quantified the error between simulated and experimental
cluster sizes by calculating the average distance between
the cumulative distributions of experimental-measured
and simulated myosin cluster sizes. The error decreased
with increasing o but started to converge around a= 10
(Fig. S5). This suggests that the simulated results became
insensitive to changes in «, presumably due to the finite
size of our simulation setup. On the other hand, the simu-
lated results depend heavily on the amount of myosin
iterated through the simulation. When we scan through
a range of Ny, the simulation error is the lowest
when Np,,, is 20,000, which coincides with experimen-
tally quantified results (Fig. 8 B (iv))! This suggests
that the limiting pool of available myosin is important
for setting myosin cluster sizes.
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We next explored if the same simulation framework and
parameters can capture myosin cluster growth under myosin
motor activity, specifically when blebbistatin is washed out
from cells (Figs. 4 A and 8 C (i)). To make a meaningful
comparison with experiments, we initialized the simulation
such that myosin cluster size on each grid matches the
myosin cluster size distribution in blebbistatin-treated cells
(Fig. 8 C (i)). Using the same assumption as before, the
initial total myosin contained in clusters in the simulation
is approximately 81,000. Since untreated cells show 54%
more assembled myosin than blebbistatin-treated cells in
our experimental quantification (Fig. 4 C), the simulation it-
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erates through the binding of about 44,000 additional
myosin filaments. As in the case of myosin cluster growth
without motor activity, uniform myosin binding probability
(= 0) fails to capture the lognormal distribution of myosin
cluster sizes in control cells (Fig. 8 C (ii)). When the affinity
parameter is nonzero (a> 0), the simulated result once again
qualitatively recapitulated the experimental cluster sizes in
control cells (Fig. 8 C (iii)). The error between simulated
and experimental results decreased with increasing o but
again converged around a= 10 (Fig. S5). The optimal
Nmyo that produces the least error between simulated and
experimental results is around 37,500, which is about 15%
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less than the experimentally measured Ny, (Fig. 8 C (iv)).
This is likely due to the F-actin-dependent myosin cluster
regulation not captured in this toy model. Taken together,
our results suggest that myosin cluster sizes on stress fibers
are set by a limiting pool of myosin available for cluster
growth with myosin self-affinity.

DISCUSSION

Regulation of myosin clusters in adherent cells occurs
through spatiotemporal control of de novo assembly, growth,
and disassembly. While these processes have been investi-
gated thoroughly at the leading edge (18,19), we sought to
explore growth mechanisms across the lamella. To this end,
we designed experiments and perturbations over timescales
to minimize effects of de novo assembly and disassembly.
Within the experimental conditions of our work, at least
70% of myosin clusters in the lamellar network are stable
for at least 5 min. Over this timescale, <15% of myosin clus-
ters are estimated to undergo de novo assembly events. While
de novo cluster formation dominates at the leading edge of
the cell, we observed that growth of existing clusters occurs
throughout the whole lamellar network over several minutes
(Figs. 3 B and 5 B). Furthermore, myosin clusters that
assemble de novo contain fewer myosin filaments. Compared
with the increase in myosin cluster sizes enabled by ROCK
and myosin motor activity, we reasoned that growth of exist-
ing clusters played a larger role than de novo assembly.
Our results are consistent with the picture that myosin
clusters grow by myosin-myosin affinity. We found that

the most important factor that determines myosin cluster
size is the limited availability of cytoplasmic myosin avail-
able to grow clusters, regulated by both ROCK and myosin
motor activity (Fig. 9). F-Actin architecture can further
regulate myosin cluster sizes (Fig. 9). On the other hand,
the nucleation of myosin clusters is independent of these
regulations, as we found that the density of myosin clusters
remains at similar levels. This insight is only possible
through our combination of endogenous tagging, quantita-
tive imaging, analysis, perturbation, and modeling.

A novel finding of this study is that myosin cluster growth
can occur independently of myosin motor activity. ROCK
activity alone allows myosin clusters to grow from 3 times
to 4-15 times the size of N,,;,. Since myosin self-affinity
is required for our in silico model to recapitulate experi-
mental results, our results suggest that there is biochemical
affinity between myosin filaments. This may explain the
stack or ribbon configuration of myosin clusters observed
with platinum EM (14,15). However, to the best of our
knowledge, there is no reported molecular or electrostatic
interaction between pairs of assembled myosin filaments.
We speculate that the affinity can arise from numerous
weak intermolecular interactions between heads, light
chains, and tails of myosin monomers in neighboring
myosin filaments (33). These interactions can be amplified
when multiple myosin filaments are involved. This is sup-
ported by a previous study that reported purified NMIIA
can form large clusters in vitro (34). Alternatively, the affin-
ity between myosin filaments can be indirectly mediated by
other molecular components. For example, some proteins
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associate strongly with myosin filaments and have been pro-
posed to regulate myosin structures, such as myosin-18B
(35) or Tpm 3.1 (36). This will be an interesting topic for
future research to identify the cause of myosin self-affinity,
and the effect on myosin clusters when this interaction is
disrupted.

Myosin cluster growth can also occur with myosin motor
activity mainly through the addition of available myosin to
existing myosin clusters. We think that this is due to the in-
crease in myosin assembly from myosin motor activity.
While myosin motor activity does not affect the phosphory-
lation of the RLC, previous studies have reported the reduc-
tion in myosin filament assembly under blebbistatin
treatment (12). This has been attributed to the effect of me-
chanical tension on myosin assembly, specifically because
of the catch-bond nature of myosin-actin interaction
(11,12,37) or the mechanosensitive properties of myosin
ITIA (38). While recent studies suggest that only NMIIB
exhibit catch-bond behavior while NMIIA is more like a
slip-bond (28), NMIIA assembly can in principle be affected
by NMIIB since NMIIA and NMIIB have been shown to
copolymerize into filaments (16,39). Another possible mo-
lecular process that can result in myosin cluster growth un-
der myosin motor activity is through the coalescence of
myosin clusters resulting from their lateral motion promoted
by actomyosin sliding. While coalescence occurs over a
longer time scale than the association of free myosin, this
can serve as a parallel mechanism for myosin cluster growth
or as a means to organize the quasisarcomeric pattern (40).

The correlation between myosin cluster sizes and F-actin
bundle size may be a result of nuanced feedback between
F-actin and myosin clusters, with possible mutual regulation
between myosin clusters and F-actin bundle size. On one
hand, myosin can be regulated by F-actin. At the molecular
level, it has been reported that myosin assembly is enhanced
in the presence of F-actin (31,41,42). Some actin-binding
protein can also regulate myosin motor activity, such as
tropomyosin (43). On the other hand, myosin can remodel
the F-actin network. For example, myosin filaments can
contract and remodel F-actin networks into asters (44-46).
The combined effect can effectively create a positive feed-
back loop to give rise to the correlation between myosin
cluster sizes and F-actin bundle size.

Our understanding of myosin cluster regulation is consis-
tent with the idea that the number and size of subcellular or-
ganelles are tightly controlled (47-49). One model of
organelle size control is that a limited pool of cytoplasmic
components sets the size of these structures (50). This
concept has been demonstrated in several organelles, such
as the flagella (51), centrosomes (52), and mitotic spindles
(53). Similarly, structures that depend on the same building
blocks can compete for these limited components, as
observed with different F-actin architectures (5,54) and
myosin clusters on various actomyosin structures (18,55).
Our paper contributes to this idea by quantitatively demon-
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strating its applicability in stress fibers of nonmuscle cells.
We believe that our approach, combined with advanced mi-
croscopy, molecular biology, and perturbation techniques,
will lead to further insight into how cells balance and control
organelles.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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