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SUMMARY

Actin network architecture and dynamics play a central role in cell contractility and tissue
morphogenesis. RhoA-driven pulsed contractions are a generic mode of actomyosin contractility,
but the mechanisms underlying how their specific architecture emerges and how this architecture
supports the contractile function of the network remain unclear. Here we show that, during pulsed
contractions, the actin network is assembled by two subpopulations of formins: a functionally
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inactive population (recruited) and formins actively participating in actin filament elongation
(elongating). We then show that elongating formins assemble a polar actin network, with barbed
ends pointing out of the pulse. Numerical simulations demonstrate that this geometry favors rapid
network contraction. Our results show that formins convert a local RhoA activity gradient into a
polar network architecture, causing efficient network contractility, underlying the key function of
kinetic controls in the assembly and mechanics of cortical network architectures.
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RhoA drives the assembly of a polar actomyosin network architecture

In brief

RhoA-driven actomyosin contractility plays a key role in driving cell and tissue contractility
during morphogenesis. Tracking individual formins, Costache et al. show that the network
assembled downstream of RhoA displays a polar architecture, barbed ends pointing outward, a
feature that supports efficient contractility and force transmission during pulsed contractions.

INTRODUCTION

Vastly conserved in eukaryotes, the actomyosin cytoskeleton is a major determinant of the
mechanical properties of embryonic cells and tissues (Munjal and Lecuit, 2014). Modulation
of actomyosin networks activity plays a critical role in cell shape changes, cell division, cell
migration, and polarization. The integration of these behaviors, at the tissue scale, drives
tissue deformation and morphogenesis (Lecuit and Lenne, 2007). At the molecular scale,
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however, the role of the architecture of actomyosin networks has been a research focus and
subject of some debate (Blanchoin et al., 2014; Koenderink and Paluch, 2018; Agarwal and
Zaidel-Bar, 2019). In muscle, the mechanisms of actomyosin contractility have historically
been characterized, showing that, in this quasi-crystalline organization, the sliding of bipolar
myosin Il mini-filaments along actin filaments drives network contractility and sarcomere
shortening. In other contexts, in contrast, and in particular at the cell cortex of developing
embryos, seemingly disordered actin networks remain poorly understood in terms of
network polarity, length distribution, mesh size, turnover rates, or crosslinking levels, and
we still do not fully comprehend how F-actin architecture is functionally linked to network
contractility. Theoretical studies (Lenz et al., 2012a, 2012b) and computational models
(Kim, 2015) have shown that asymmetry between the compressive and extensive modulus—
the ability to withstand tension but buckle under compressive forces—can drive contraction
of disordered bundles. Similarly, numerical simulations and /n vitro experiments have
clearly demonstrated that non-polar actin networks can contract (Yu et al., 2018). Cellular
networks however, often display characteristic organization, suggesting that specific network
dynamics and geometries may play a critical role in network contractility (Koenderink and
Paluch, 2018).

Active Rho GTPase zones have recently emerged as essential regulators to template

the architecture of the actomyosin meshwork by defining active, task-tuned zones of
cytoskeletal assembly (Miller and Bement, 2009). Examples of such zones include the
leading edge of migrating cells, the cleavage furrow during cell division, and the apical
cortex during apical constriction. During embryonic morphogenesis in particular, a wide
class of morphogenetic processes is driven by pulsed contractions, a widespread mode of
actomyaosin contractility where transient and iterative F-actin and myosin Il accumulations
accompany contraction of the actomyosin network (He et al., 2010; Kim and Davidson,
2011; Martin et al., 2009; Munro et al., 2004; Roh-Johnson et al., 2012). Previous work has
shown that pulsed contractions are driven by excitable dynamics of the Rho GTPase RhoA,
leading to formation of activation zones that drive recruitment of downstream effectors,
including formin, Anillin, F-actin, and myosin 1l (Maddox et al., 2005; Munro et al., 2004;
Michaux et al., 2018; Naganathan et al., 2018; Reymann et al., 2016). Excitable dynamics,
with feedforward activation and delayed negative feedback, seem to play an important role
to establish Rho activation (Bement et al., 2015; Nishikawa et al., 2017; Michaux et al.,
2018).

Thus, Rho GTPases spatially and temporally pattern the recruitment, turnover, and activity
of downstream effectors. It remains unclear, however, how these orchestrated modulations
of actomyosin dynamics support the specific cellular function of Rho zones. Here we show
that the dynamics and topology of RhoA activation, converting a RhoA chemical gradient
into assembly of a polar actin network, drive formation of a network structure tuned to its
contractile function.

In the nematode Caenorhabditis elegans, pulsed contractions occur from the 1-cell stage
onward during interphase (Munro et al., 2004; Mayer et al., 2010) and support cell
polarization and apical constriction (Nance and Priess, 2002; Nance et al., 2003; Roh-
Johnson et al., 2012). Here we show that RhoA pulses control accumulation of the
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formin CYK-1 (a diaphanous/mDia homolog), driving F-actin accumulation during pulsed
contractions. We further show that actin network assembly is kinetically controlled by
saturation of actin filament barbed ends, resulting in a time-optimal response to RhoA
activation so that initiation of actin elongation closely follows the RhoA pulse. Using
single-molecule microscopy to infer local actin filament orientation during pulse assembly,
we show that formin-assembled actin networks are polar, generating networks with barbed
ends pointing outside of the pulse. Finally, our computational exploration shows that this
polar network architecture is favorable for generation of efficient actomyosin contractility.
These results underline kinetic rather than mechanical control of actomyosin network
orientation during pulsed contractions. They also underline the evolution of billion-years-
old machinery, reusing molecular machinery—formin, F-actin, and myosin Il—to drive

a fundamentally conserved phenomenon, precisely tuned force generation, with opposite
geometries reflecting organism-specific construction rules and constraints.

Cortical dynamics of formins in a developing embryo

Formins drive assembly of a variety of actin-based cellular structures that drive
physiological processes ranging from cell division and cell migration to cell polarization
(Rottner et al., 2017). Formins are actin nucleators and processive actin elongators,
catalyzing addition of actin monomers to the barbed end of actin filaments while protecting
the filament against capping (Courtemanche, 2018). In C. elegans, 7 formin genes have been
identified previously (Mi-Mi et al., 2012). Mutants for five of them are viable (Mi-Mi et al.,
2012), and the product of another localizes to the nucleus and does not interact with actin
in vitro (Amin et al., 2007, 2009; Johnston et al., 2006). cyk-1 (cytokinetic defective-1), the
only ortholog of the Diaphanous family of formins, is required for cell division and plays a
key role in actin assembly during the early stages of embryonic development (Swan et al.,
1998).

To study CYK-1in C. elegans, we first generated a GFP CRISPR knockin at the genomic
cyk-1 locus. The resulting strain is fully viable and displays no readily identifiable
phenotype, suggesting that the fusion protein is fully functional. We then used live single-
molecule fluorescence microscopy to visualize the dynamics of individual formin molecules
fused with GFP (Robin et al., 2014). We first observed that formins were apparently
classified into at least two populations (Video S1), ballistic and static, as observed
previously in other systems (Higashida et al., 2004, 2013; Funk et al., 2019). To better
visualize these two populations, we used maximum intensity projection to visualize formin
trajectories over 100 consecutive time points (Video S2). Static formins appeared as dots,
and moving formins appeared as a trail on the cell surface.

To quantitatively characterize these two populations, we performed single-particle tracking
and analyzed the trajectories of 19,137 individual formin molecules from 5 embryos. Based
on the logarithmic regression of the mean squared displacement to an anomalous diffusion
model, MSD = 2D+t* (Robin et al., 2014), we characterized all particle trajectories longer
than 15 frames or 750 ms (Figures 1A and 1B) by their anomalous diffusion coefficient D
and scaling exponent a. We could clearly distinguish the two formin populations, static
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and ballistic, with apparent distributions of the scaling exponent peaking at a = 0.3
(subdiffusive) and a = 1.6 (superdiffusive), respectively (Figures 1C, 1D, and S1A-S1D;
Video S3). We subsequently used these empirical metrics to classify and sort these two
sub-populations.

Previous work has suggested that these superdiffusive particles represent formins actively
elongating actin filaments (Higashida et al., 2004, 2008, 2013; Funk et al., 2019). To
confirm this, we used RNAI against perm-1, a known component of eggshell protein
(Carvalho et al., 2011; Olson et al., 2012) that permeabilizes the eggshell, and subsequently
treated the embryos with the microtubule-depolymerizing drug nocodazole and the actin-
depolymerizing drug latrunculin A (Video S4). Performing the same analysis as before,

we observed that the superdiffusive population essentially disappeared after latrunculin A
treatment but was unaffected by nocodazole treatment (Figure 1E; Video S4). Latrunculin
A (LatA) treatment resulted in initially increased recruitment of formins at the cell cortex
immediately after LatA treatment (Figures SLE-S1G). Although our quantitative analysis
did not reveal strong differences in the fraction of superdiffusive versus subdiffusive
population during this brief period after LatA treatment, we could not exclude that this
increased formin recruitment could be caused by increased CYK-1 nucleation secondary to
an increase in G-actin concentration (Figures SIE-S1G). These results strongly supported
the idea that superdiffusive cortical CYK-1:GFP speckles corresponded to formin dimers
actively and processively elongating actin filaments at the barbed end of the filament at the
cell cortex.

To measure the speed of formin speckles, we used two metrics. We either selected a
collection of trajectories, smoothed them, projected the position of the formin on the
smoothed trajectory, and quantified the traveled distance along this trajectory, or we used
mean squared displacement (MSD) measurements presented before. Both metrics yielded
very similar result, 1.1 £ 0.2 um-s~1 and 1.3 £ 0.2 um-s~1 (standard deviation), in line with
previously reported speeds (Higashida et al., 2004) but slower than in a recent /n vivo report
(Funk et al., 2019).

To test whether immobile formins may be elongating actin filaments, we decided to use
fiducial markers on the network of actin filaments. We showed previously in C. elegans

that actin::GFP incorporates at the cleavage furrow during cell division (Robin et al., 2014),
which has also been demonstrated in mammalian cell culture (Murthy and Wadsworth,
2005; Zhou and Wang, 2008; see also Skruber et al., 2018). In embryos depleted of Arp-2/3
by RNAI, cortical recruitment of actin::GFP is unaltered (Michaux et al., 2018). This
suggests that, although actin::GFP might be selected against and not fully functional, it is
still incorporated in formin-elongated networks and should work as an effective probe to test
our hypothesis. We did not observe significant directional movements, and single-molecule
speckles of actin::GFP remained largely immobile (Video S5).

To ascertain that our result was not affected by a failure of actin::GFP to efficiently
incorporate into the formin network (Chen et al., 2012; Wu and Pollard, 2005), we
decided confirm this first result by observing the single-molecule cortical dynamics of an
F-actin side-binding probe, UtrophinABD::GFP. Although this alternative strategy would
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not focus on actin monomers recently incorporated into the network, if strong elongation
from immobile formins were to occur and displace actin monomers, then we would expect
to see a signature of these movements in the motion of UtrophinABD::GFP speckles.
Similarly, single-molecule speckles of actin::GFP and UtrophinABD::GFP remained largely
immobile, not displaying significant directional mobility. The fact that neither probe
displayed significant directional movements, and single-molecule speckles of actin::GFP and
UtrophinABD::GFP remained largely immobile (Figure 1F; Videos S5, S6, and S7; Robin

et al., 2014), strongly supports the idea that filament elongation instead fully translates

in formin directional motion and that immobile formins are indeed not elongating actin
filaments, or at very low speeds.

These data show that CYK-1 velocity is a reliable /n vivo proxy for formin elongation

rate, demonstrating an average elongation rate of ~400-468 monomers-s~2. Incidentally,

our results also suggest that CYK-1 could be used as a biosensor to measure cellular
modulations of the concentrations of profilin-ATP-G-actin, calibrated on elongation rates
reported previously /n vitro in the presence of profilin (Neidt et al., 2008, 2009). Provided
that, in our system, formin-mediated actin filament elongation rates are not buffered by slow
dissociation of profilin from the barbed end (Funk et al., 2019) or modulated by mechanical
forces (Jégou et al., 2013; Courtemanche et al., 2013; Kubota et al., 2017), our results point
to a local profilin-ATP-G-actin concentration in the early embryo in the ~10-12 uM range
(see STAR Methods for details).

Formin-mediated actin filament elongation rates during the cell cycle

To explore whether actin elongation was dynamically modulated during embryonic
development, we measured formin velocity at the 1-, 2-, and 4-cell stages during distinct
phases of the cell cycle (Figure 2A). To avoid confounding effects of overcrowding on
tracking at high particle density, we decided to use a strain overexpressing CYK-1:GFP,
which displays essentially identical dynamics as our CRISPR CYK-1::GFP but allowed us to
use GFP RNAI (Robin et al., 2014) to visualize formins at much lower densities, improving
particle tracking (Videos S8 and S9). At the 1-cell stage, the elongation rate remained
unchanged from polarization to the maintenance phase (1.25 + 0.18 ym-s~! and 1.27 + 0.16
um-s~1, respectively) but decreased significantly over the entire cortex during cytokinesis to
1.05 +0.22 ym-s~1.

The velocity increased again after cytokinesis, going back to levels similar to 1-cell stage
polarity establishment (1.24 + 0.19 pm-s~1), remaining stable or slightly decreasing during
mitosis (1.18 + 0.18 um-s~1) in the AB cell, and decreasing again during AB cytokinesis
(1.04 + 0.18 um-s~1). During interphase at the 4-cell stage in ABp, formin velocity increased
again but was notably lower in interphase compared with mitosis (1.15 + 0.17 ym-s~1 at
interphase and 1.24 + 0.18 pm-s~1 during mitosis). These results show that formin speed
drops significantly during cytokinesis but increases when interphase resumes.

To compare actin elongation rates across lineages, we also measured formin speed in AB
and P1 at the 2-cell stage during interphase (1.24 + 0.19 pm-s~1 and 1.18 + 0.18 pm-s~1,
respectively) and during mitosis (1.18 + 0.18 um-s~1 and 1.22 + 0.19 pm-s~1, respectively)
(Figure 2B). Our results suggest that formin speed does not vary between the two cell types.
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We also manually quantified the fraction of superdiffusive formins at different stages of
the cell cycle from the 1- to the 4-cell stage. We observed that the ratio fluctuates mildly
from 20% to 35% from the 1- to the 4-cell stage, with the highest fraction of superdiffusive
formins observed during interphase (Figure S2).

Actin elongation dynamics are distinctly modulated during phases of the cell cycle,
decreasing significantly by more than 10% during cytokinesis and increasing again after
cytokinesis completion. The measured elongation rates seemed to be relatively robust

and only changed marginally from the 1-cell to the 4-cell stage. Because the measured
elongation rates reflect the catalytic enzymatic activity of formin as an actin elongator, these
changes could report on modulations in the concentration of G-actin species, either free
G-actin or complexed with other factors, such as the profilin PFN-1. The balance between
these various species in particular might play an important role in control of elongation
rates. Our results suggest that F-actin elongation dynamics might be dynamically regulated
by the concentrations of G-actin species but remain largely robust through time and across
cell lineages during early embryonic development.

Formin kinetics and implications on actin filament length in vivo

The length of formin-elongated actin filaments is controlled by a combination of the formin
elongation rate, the formin global off-rate (combining unbinding and competition), and the
turnover rate of F-actin monomers in the cortex. Specifically, we assumed that F-actin
turnover and elongation dynamics are independent processes and follow exponential laws
with the characteristic rate 1/ .4, and 1/ ¢eypmin- FOr an F-actin monomer at the time of its
disassembly, the length of a filament from the monomer the to the barbed end of the filament
follows an exponential law with the characteristic length L girament= Vieormin > T fitament
where 1/ tgjament = 1 Tactin + 1 trormin 1S @ characteristic “off” rate of formins and Viormin
their speed (see supplemental information for the detailed derivation). To estimate filament
length, we needed to access actin and formin off-rates and use our measured actin filament
elongation rates.

We expected a significant fraction of trajectory to be interrupted by tracking failure or
photobleaching, barring us from using single-molecule tracking as a proxy (Figure 2C).

We therefore turned to a previously established strategy, SmPReSS (Robin et al., 2014),

to estimate a bulk turnover rate for formins as well as the photobleaching rate. Briefly,

by measuring the depletion of cortical formins caused by laser illumination of the cortex

in a CYK-1 overexpression strain, we can infer the photobleaching rate and subsequently
estimate a bulk formin turnover rate over all formin populations. We could thus establish that
the bulk cortical turnover rate of the formin CYK-1 is ~0.11 s~1 (Figure 2D).

Combining our results with previous measurements of actin::GFP turnover rates (0.05-0.15
s71: Robin et al., 2014; Michaux et al., 2018), we estimate that formin-elongated actin
filaments scale to ~6 um on average in the 2-cell-stage C. elegans embryo.

Dynamics of formin at the cortex during pulsed contractions

During interphase at the 2-cell stage and during polarity establishment in the 1-cell embryo,
myosin 1l accumulates in well-identifiable foci, driving local contractions of the actomyosin
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cortex, a process called pulsed contractions, driven by the Rho GTPase RhoA (Michaux et
al., 2018). During the corresponding stage of the cell cycle, formins also displayed pulsed
cortical accumulations reminiscent of RhoA/myosin pulsed dynamics (Video S2), so we
decided to focus on the dynamics of formins during pulsed contractions.

We first monitored RhoA activation using a biosensor derived from the Rho-binding

domain of Anillin, encompassing the Anillin homology (AH) and pleckstrin homology (PH)
domains (Figures 3A-3E and S3A; Video S2; Munro et al., 2004; Piekny et al., 2005; Tse
etal., 2012; Naganathan et al., 2014; Reymann et al., 2016; Michaux et al., 2018). As
described previously (Michaux et al., 2018), in a strain co-expressing the RhoA biosensor
with myosin (NMY-2::mRFP), we observed a spatial correlation between the localizations
of myosin and the RhoA biosensor (Figures 3A, 3A”, 3B, S4E, and S4F). We further
confirmed these results by visualizing ROCK, a direct downstream effector of RhoA, in a
strain expressing ROCK fused with GFP from the endogenous genomic locus along with
NMY-2:mRFP (Bell et al., 2020). By co-monitoring ROCK/LET-502 and myosin/NMY-2,
we found, as observed previously at the 1-cell stage (Bell et al., 2020), that ROCK also
accumulated in domains pre-figuring myosin localization, displaying very similar spatial and
temporal recruitment dynamics as our RhoA biosensor (Figures S4A-S4C, S4G, and S4H).

To test whether pulsed accumulations of formins were indeed coordinated with pulsed
contractions, we compared the spatial and temporal distribution of formins and myosin

Il using a strain co-expressing NMY-2::mRFP and CYK-1 fused with GFP from the
endogenous locus. We indeed observed that formins accumulated in broad domains that
prefigured the accumulation of myosin/NMY-2 (Figures 3C, 3D, S4l, and S4J). To verify the
spatial alignment between the regions where myosin accumulated, we measured the intensity
across the region of accumulation, using the locus of maximal myosin intensity as a point of
reference, when myosin and the co-monitored species were present. Using this approach, we
observed that myosin-pulsed accumulations overlapped spatially with those of RhoA, ROCK
and formin (Figures 3B, 3D, 3E, S4A-S4C, S4F, S4H, and S4J).

To infer the biochemical sequence of formin activation during pulsed contractions, we
decided to measure the timing of arrival of the various formin populations over the course of
a pulsed contraction. We divided our trajectories into 3 tiers: short tracks (<15 consecutive
time frames), which could not be categorized into a specific population; long subdiffusive;
and long superdiffusive. Using this technique, we were able to demonstrate that the ratio
between the different populations was finely modulated during pulses (Figures 3F-3K).

To characterize the dynamics of arrival of these populations at the cell cortex, we first
focused on the kinetics of these populations on a sequence of successive pulses (Figure

3F). We observed an iterated sequence of accumulation (Figures 3G and 3H). Using cross-
correlation, we measured a delay between arrival of the superdiffusive and sub-diffusive
populations of ~3 s (Figure 3L). This suggested that the distinct populations accumulated at
the cortex in a sequence, with superdiffusive formins (hereafter called elongating formins)
accumulating first, followed by subdiffusive formins (hereafter called recruited formins).

To confirm this result, we collected a series of 115 pulses from 10 embryos and quantified
the dynamics of the different formin subpopulations along with the dynamics of the pulse.
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To show that formin accumulations were indeed coupled with pulsed contractions of the
actomyosin cortex, we first measured the rate of change of the surface area of our formin
pulses (Figures 3M and S8; Video S10; see the flowchart of the image analysis procedure
for details). We further confirmed the contraction of the network during pulsed contractions
by visualizing fiducial landmarks on the network with actin fused to GFP (ACT-1:GFP,
overexpression strain, single-molecule level), along with the myosin heavy chain fused
with mCherry (NMY-2:mCherry, overexpression strain) as a general marker for pulsed
contractions (Figure S4D; Video S11). Based on these results, we then confirmed that
formins accumulated at the cortex in a well-defined sequence, starting with superdiffusive
followed by subdiffusive formins (Figures 31-3K; Video S10). We further confirmed this
observation using a different metric (based directly on particle displacement instead of
trajectory classification) to measure this delay (Figures S3B-S3E), which yielded very
similar delays (Figures S3F-S3l).

This result was somewhat surprising because, based on previous work on formin structure
and domain activity, we expected an activation sequence where formins would be first
recruited to the cortex by RhoA and then transferred to barbed ends of actin filaments to
promote elongation (Li and Higgs, 2003, 2005; Higgs, 2005). Numerically, however, the
number of recruited formins outweighed the elongating population (Figure S3F, class 1
versus class 2), suggesting that the system might be running under a regimen where formins
are in excess.

Previous work (Higashida et al., 2004, 2008, 2013) also reported two formin subpopulations.
In these studies, low doses of latrunculin B (Higashida et al., 2008) and gentle mechanical
stimulation (Higashida et al., 2013) increased the fraction of mobile formins, and the authors
demonstrated that this increase in the mobile formin fraction was caused by an increase

in free G-actin concentration. In our system, however, it is difficult to imagine that pulsed
contractions could drive changes in free G-actin either locally or globally. Global changes
would require that individual, uncoordinated pulses, spanning ~5%-10% of the cell surface
(Video S2), robustly alter the free G-actin concentration at the cell scale, even as only

~10% of actin monomers are assembled as F-actin at the cortex (Robin et al., 2014). On the
other hand, we expect that local changes in free G-actin concentration would be instantly
mitigated by diffusion in this almost circular system. These two arguments go against the
hypothesis that local actin assembly dynamics would change free G-actin concentration at
the pulse scale and lead to the observed sequence of events during local and asynchronous
pulsed contractions.

Two other classes of models could explain this sequence of recruitment. The first class of
models invokes delayed activation by RhoA of a formin competitor for barbed-end binding.
The heterodimeric capping protein CP/CapZ, an ortholog of the C. efegans proteins CAP-1
and CAP-2, is a major actin-capping protein /n vivo and might be an interesting candidate
for such a mechanism. CAP-1/2 was recently described as forming a ménage a trois (or
“decision complex”; Bombardier et al., 2015) with formins at the barbed end, weakening
formin/barbed-end binding affinity and eventually leading to formin displacement (Shekhar
etal., 2015).
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Alternatively, in a second class of models, a non-diffusible limiting factor would be
consumed locally by formins during their recruitment to the cortex. We hypothesized that
one such factor could be uncapped barbed ends available for elongation, running under

a regimen where formins are recruited in excess of that population of barbed ends, and
elongate actin filaments from this limiting pool. Although, in this scenario, the shift from
elongating to recruited/inactive formins would result from saturation of available barbed
ends rather than competition between formins and capping proteins for barbed ends, such a
model would essentially present the same kinetic signature.

A barbed-end saturation mechanism allows responsive actin assembly

To test whether this second model of limiting available barbed ends was plausible, we
designed a simple kinetic model for CYK-1 recruitment and used this model to explore the
temporal dynamics of formin accumulation (Figures S5A and S5B). We postulated that

1. active RhoA concentration pulses periodically, with a period of 30 s (Michaux et
al., 2018);
2. cytoplasmic formins are activated by active RhoA and recruited to the cortex,

shifting in the recruited population (Li and Higgs, 2005);

3. CYK-1 formins are poor nucleators but good elongators—we considered that
formins do not efficiently nucleate new filaments under physiological conditions
(#n vitro actin assembly yields ~1 new nucleated filament per 550 CYK-1 formin
molecules at 2.5 pM actin and 2.5 pM profilin PFN-1 (Neidt et al., 2008);

4, when recruited at the cortex, formins bind to barbed ends through a bimolecular
reaction to drive actin assembly, becoming elongating formins; and

5. recruited and elongating formins unbind from the cortex, returning to the
cytoplasmic pool with characteristic rates of 1/ zrecryited @nd 1/ zelongating-

To seed our model, we used measured parameter values for RhoA activity, formin unbinding
rates, and relative ratios between the different formin populations. Using these parameters,
and provided that, in our parameters, (1) the binding reaction of recruited formins to

barbed ends is very fast, and (2) barbed ends are scarce and are depleted when formin
density increases, our model indeed captured the key observation that elongating formins
accumulated before recruited formins (Figures 4A-4C). Under these conditions, during an
early phase, elongating formins accumulate rapidly after the RhoA pulse, followed by a late
phase during which recruited formins accumulate (Figures 4B, 4F, and S5C-S5H).

We favored a model for activation where RhoA binding preceded dimerization (Figure S5A),
although other models (e.g., a dimer existing before the formin binds to RhoA and unfolds)
are also plausible. The simulation, however, proved to be robust to these modifications of the
biochemical scheme (Figures 4D and 4E).

Under a small set of assumptions, we can explain the emergence of a significant delay
between recruited and elongating formins. Provided that this model is correct, saturation

by CYK-1 of free barbed ends of actin filaments would allow a rapid response to pulsed
RhoA activation (Figures SSC-S5H). These results demonstrate that the kinetics of the actin
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cytoskeleton in the early C. elegans embryo is wired to drive a fast response to upstream
activation of actin dynamics.

Relative rates of actin assembly and contractility support polar network assembly

Actomyosin

During pulsed contractions, cortical contractile dynamics results in peak cortical flow rates
of ~0.3 pm-s~1 (Michaux et al., 2018; Munro et al., 2004; Nishikawa et al., 2017). In
comparison, elongating formins move relatively rapidly, with a measured speed of 1.1-

1.3 um-s~1. As a consequence, even at the peak of contraction, elongating formins can
“exit” the contraction zone easily and assemble an actin network of filaments up to several
microns around the pulse region. To describe the architecture of this network, we measured
the orientation of formin-based actin elongation during pulse assembly. We focused on
elongating formins and measured the orientation of elongation radially away from the

zone of formin accumulation (Figures 5A-5D), which essentially corresponds to the RhoA
recruitment zone (Figure S3A). Displaying only orientations where we could collect more
than 200 individual elongation measurements, we observed that formins are not heavily
oriented outside of the pulse time window (Figures 5E and 5F). In contrast, during the peak
of assembly (corresponding approximately to the period where elongating formins >50%
max.), the orientation of formin-mediated actin assembly displayed strong polarization
(Figure 5E).

These results show that formins elongate the actin network with a polar dynamics, with
elongation during the pulse occurring, on average, from the center of the formin pulse to
the outside. Because formin-based elongation increases local actin concentration ~2-fold
(Michaux et al., 2018), we propose that pulses assemble a polar actin network with barbed
ends pointing outward of the pulse, akin to an “actin aster” (see discussion).

To test whether this orientation resulted purely from the transient local gradient of
elongating formins between the pulsing region and its surroundings or whether additional
mechanisms should be invoked, we designed a simple spatial model of formin orientation.
To seed our model, we exclusively used measured parameters of formin recruitment and
elongation dynamics (formin-mediated actin filament elongation rate, density, activation/
elongation duration, and off-rate and pulsed contraction localizations) and generated
synthetic formin pulsed accumulations with random orientations. The modeled formin
dynamics displayed similar orientations, with filaments pointing outward, closely mirroring
the dynamics observed /n vivo (Figure S6; Video S12). These results demonstrate that local
formin accumulation drives the assembly of a polar actin network architecture, with the
majority of barbed ends pointing out.

network polarity supports efficient contractility

Although previous work, theoretical (Lenz et al., 2012a, 2012b) and /n vitro (Linsmeier et
al., 2016), showed that actin contraction does not require a specific network orientation,

in vivo observations suggest that pulsed contractions form a polar actin network (Coravos
and Martin, 2016). /n vitro and computational work shows that myosin Il contractility

can drive polar network reorganization by barbed-end filament sorting with an opposite
polarity (Kreten et al., 2018; Wollrab et al., 2018). We thus wanted to determine whether the
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polar network architecture we observed, barbed end pointing out combined with myosin

Il intrinsic polarity as a plus-end-directed motor (Howard, 2001), would not support
stronger contractions or contraction over larger distances. Independently controlling network
orientation and density while faithfully constraining other parameters, however, was not
experimentally manageable /n vivo or in vitro. We decided to turn to agent-based models of
cortical mechanics to decipher the impact of network architecture on contractility.

Using our established computational model of actomyosin networks (Figure S7A; Bidone et
al., 2017; Kim, 2015), we probed the roles of formin-induced F-actin elongation in cortex
mechanics and architecture. Using a three-dimensional cortex-like actin meshwork (20 um
x 20 pmx100 nm), we simulated RhoA-driven pulsed contraction by locally modulating

the kinetics of myosin Il and F-actin elongation rates based on experimental measurements
(Figure S7B). Specifically, to reproduce formin activity, we increased the elongation rate of
a fraction of the barbed ends in the RhoA-activated region, resulting in rapid elongation of
actin filaments for ~10 s or ~12 pm (Figure 6A, top row). We then locally turned on myosin
Il activity in the RhoA-activated region for 15 s and with a delay of ~5 s to reproduce
delayed myosin Il activation by RhoA (Videos S13, S14, and S15; Michaux et al., 2018).

Using this tailored model of pulsed contraction, we then evaluated the impact of formin
activation levels on network architecture and the deployment of forces generated by myosin
I1. We observed that actin and myosin tended to contract toward the center of the activated
region upon motor activation, peak, and then relax upon myosin Il inactivation (Figures

6B, inset, and S7C). The maximum levels of actomyosin contraction decreased with formin
activation levels (Figures 6B and S7D). The sum of forces experienced by formin-elongated
actin filaments increased with higher formin activation levels (Figures 6A, second row, and
6C): long, formin-elongated actin filaments are cross-linked with many other short actin
filaments, propagating the force generated by myosin Il farther into the network (Figure
S7E). We also observed that weaker local contraction and longer-range force transmission in
the network prevented formation of contraction-induced actin aggregates separated from the
rest of the network (Figures 6A and 6B). At high formin activation levels, myosin and actin
contractions were inhibited, preventing the appearance of aggregates (Figures 6B; Video
S15). As more actin filaments are elongated by formin, resistance to contraction increases,
preventing local network collapse while enabling force transmission farther in the cortex.

Finally, to explore the specific impact of network polarity on contractility (Figure 5), we
decided to probe the mechanics of networks displaying inverted architectures; we set out the
numerical simulations to assemble actin networks with pointed ends emerging from the aster
(by inverting formin polymerization dynamics, enhancing formin-mediated actin filament
elongation at the pointed ends instead of the barbed end). We observed that actin and myosin
contractions were enhanced (Figures 6D—6F). The forces acting on formin-elongated actin
filaments were severely reduced (Figure 6G). With this network architecture, myosin motors
moved toward the pulse center in a polarity sorting mechanism (Figure 6D; Wollrab et al.,
2018) rather than pulling actin filaments to generate forces. These simulations showed that
rapid assembly of a polar network architecture, under control of RhoA-driven pulses of
formins, drives efficient actomyosin network contractility, supporting the remodeling of cell
shape during pulsed contractions.
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These simulation results show that actomyosin network architecture, largely governed by
the kinetics of formin-mediated actin filament assembly, controls the mechanics of pulsed
contraction, playing a key role to support the cellular function of pulsed contractions.

DISCUSSION

Precise architectural organization of the actomyosin network is crucial for force generation
at the cell cortex. How contractile architectures are assembled in rapidly remodeling

actin networks is a multiple-answer question, especially during development, when force
deployment is critical for embryo morphogenesis. Here we show that formins organize a
polar actin network during cortical pulsed contraction in a biochemical system primed for
rapid assembly.

Our detailed description of the kinetics of actin assembly by formins shows that formins
elongate actin filaments at 1.2 pm-s~1, or ~450 monomers-s~1. Assuming that the elongation
rate scales with actin concentration in a solvent-independent manner, formin velocity may be
a good indicator of the modulations of free G-actin concentration in the cell. Recent work,
however, has shown that, under saturating conditions, at concentrations of actin of more

than 200 uM, formin velocity actually does not scale with G-actin and profilin concentration
and is controlled instead by the dissociation of profilin from the filament end (Funk et al.,
2019). The decrease in elongation rates observed during cell division could then be caused
by F-actin sequestration at the cleavage furrow, globally altering G-actin concentration or
the actin/profilin ratio (Neidt et al., 2009).

Closely following the accumulation of two distinct populations of formins during pulsed
contractions, we observed a puzzling kinetics sequence: elongating formin actually preceded
recruited formins. We hypothesized that this sequence emerged directly from the kinetics
of CYK-1-mediated actin assembly and designed a simple kinetics model recapitulating
the main known characteristics of our system. In this model, the observed kinetics

and theoretical biochemical sequence could come together under a small set of specific
assumptions: (1) barbed ends available for elongation are limiting, (2) formins are recruited
in large numbers, and (3) the conversion reaction is fast compared with other reactions in
the system. At this point, however, we still lack tools to conclusively explore a number

of related issues. How does RhoA/CYK-1 recruitment to the cell surface (compared with
purely cytoplasmic dynamics) impact barbed-end dynamics (2D versus 3D effects and
reduction of dimensionality are discussed further in Methods S1)? What is the molecular
nature of these barbed ends available for elongation (uncapped, capped by different factors
than capping proteins, etc.)? When are barbed ends generated and by which mechanisms?
What are the dynamics of capping during pulses? How many barbed ends are generated?
Quantitatively at least, the concentration of formins seems to be consistent with an uncapped
barbed end saturation mechanism: with a binding rate constant to uncapped barbed ends of
~0.029 nM~1.s71 and a local concentration at the pulse site of ~10 nM, we would expect a
half-life for barbed ends in the range of ~3 s, consistent with our experimental observations
(see supplemental information). We also do not yet have the resolution to explore the
specific nature of the observed barbed ends. Are formins capable of heterodimerizing or
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co-assembling with other factors acting as competitive inhibitors, and could this lead to
formation of inactive barbed ends?

Our numerical simulations also point to an important role of the long actin filaments
assembled by formins because they seem to efficiently transmit forces in the network across
long distances and avoid local network collapse. Future studies may leverage optogenetics
tools to locally tune the activity of formins and test their mechanical function in cortical
actomyaosin contractility independent of their function in the global assembly and balance of
the actin cortex.

Strikingly, the geometry of the assembled network is controlled by the geometry of the
upstream signaling factors: local RhoA activation drives assembly of a polar actin network.
This suggests that, at this scale, the actin architecture seems to be fundamentally driven

by the spatial patterning of assembly kinetics rather than by reorganization of the actin
cytoskeleton by the mechanical motor activity of myaosin Il (Reymann et al., 2016).

This architecture of the assembled structure, with myosin Il recruited at the center of a
polar actin network, barbed ends pointing out, is well tuned for actomyosin contractility.
Our numerical simulations show that, although actomyosin networks can generate tension
in the absence of a specific network architecture, actomyosin networks perform differently
depending on their organization, and the contractile efficiency of the actomyosin network
remains functionally linked to their geometry. RhoA signaling therefore converts a chemical
RhoA gradient into a polar actin network architecture with a structure well adapted to the
contractile function of actomyosin pulses in morphogenesis.

With precisely timed cell cycles, similar in duration to the ones in Drosophila syncytial
embryos, lasting ~10", C. elegans embryonic early development cell cycles unfold very fast
(Brauchle et al., 2003), in particular compared with other early embryos; for instance, mouse
embryos (20 h; Yamagata and FitzHarris, 2013), sea urchins (150 min; Chassé et al., 2016),
and even ascidians (~30 min; Dumollard et al., 2013). In C. elegans, the 10-min cycles are
divided roughly equally into ~5 min for mitosis and 5-min interphase with cortical pulses.
As a consequence, cell polarity, compartmentalization, and cell shape changes are heavily
constrained in time. An actin network primed for fast assembly, together with the polar
architecture of actomyosin pulsed contractions, may set the stage for rapid and efficient
contractions and cell shape changes. During gastrulation, this very same organization may
thus drive fast apical constriction and subsequent timely internalization of endodermal cells.

Limitations of the study

Our study does not yet account for the interaction of other actin interaction partners at

the barbed end, such as capping proteins or other formins, and our computational model
does not account for signaling pathways governing pulsatile RhoA activation. Additional
information about these players may thus help to interpret the results presented in this study.

Conclusions

Actomyosin network contractility is a key conserved feature of eukaryotic cells.
Biochemically, the contractile structure assembled in C. elegans is similar to the nodes
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assembled in fission yeast during contractile ring assembly: formin actin filament
elongators, myosin Il motors, and actin cables (Vavylonis et al., 2008; Munro et al., 2004).
However, several key differences separate the two contractile modules. Structurally, the
sizes of the biological systems diverge strongly. At the level of the cell, a fission yeast

cell is ~14 pm long and 3 um wide during cell division, compared with 50 um in length

and 30 um in width for the C. elegans embryo (Figures 7A and 7B). The two contractile
macromolecular assemblies are also very different; fission yeast nodes are less than 600

nm wide and initially distant by less than 1 um on average, whereas C. elegans actomyosin
pulses are 3-5 um wide and separated by 5-10 um. The two systems are also biochemically
distinct. The fission yeast formin Cdc12p elongates actin filaments with high processivity
(Koff, ~7 x 1072 s71) but slow speed (10.6 monomers-s~1 at 1.5 uM [actin], 4 uM [SpPRF], a
fission yeast profilin), whereas the C. elegans formin CYK-1 elongates actin filaments with
a lower processivity (Koff, ~4 x 1073 s71) but much higher speed (63.2 monomers-s~ at 1.5
UM [actin] and 4 uM [PFN-1], a C. elegans profilin). In the Search-Capture-Pull-Release
(SCPR) model and related models, actin filament elongation takes place from a static
barbed end (Pollard and Wu, 2010; Vavylonis et al., 2008). However, in C. elegans, a
similar mechanism would result in filament buckling or stalling in actin filament elongation.
To drive the same functional output, contraction, the molecular homologs assemble a
structurally distinct, geometrically opposite architecture that is tuned to the scale of the
biological system, revealing here an interesting instance of the tinkering of evolution.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to the Lead Contact Francois B. Robin (francois.robin@sorbonne-universite.fr),
who will address them to the appropriate author.

Materials availability—C. elegans transgenic strains generated in this study will be made
available on request in exchange for reasonable compensation by requestor for processing
and shipping.

Data and code availability

. Original code used in this study has been deposited and is publicly available on
Zenodo: https://doi.org/10.5281/zenodo.6486924.

. Microscopy data reported in this paper will be shared by the lead contact upon
request.
. Additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

C. elegans culture and strains—A list of strains used in this study is provided in Table
S3.
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Some strains were provided by the CGC, which is funded by NIH Office of Research
Infrastructure Programs (P40 OD010440).

METHOD DETAILS

Endogenous cyk-1 GFP knock-in transgenic worm generation using CRISPR/
Cas9—CRISPR knock-in of cyk-1 was carried out in Wild type A2 genetic background
using an established protocol as described in Dickinson et al.(2013). The SG sequence 5'-
TCATCATCATCAGGCACAGTGG -3’ positioned in the last exon of cyk-1 was used as
CRISPR targeting site. The SG sequence except PAM(TGG) was inserted in the pML2840
(Suman et al., 2019) using the overlap extension PCR method. The homologous repair
plasmid was made using the GIBSON method. In brief, 1.6 kb upstream of the stop codon
(left homology arm), 15-bp N-terminus linker with full-length GFP fragment and 700 bp
downstream of the stop codon (right homology arm) with overlap arms were amplified

and assembled in pJET1.2/blunt vector using Gibson Assembly Cloning Kit (New England
Biolabs, Inc.). Full sequences are provided in Table S5. Several silent mutations were done
in PAM and downstream sequence (until stop codon) in the homologous repair template to
block undesired cleavage by Cas9 and avoid template switching during HDR respectively.

The cocktail of plasmids containing SG plasmid (50 ng/pl), repair template (50 ng/ul), and
an co-injection marker pRF4 [rol-6(su1006)] (100 ng/ul) were mixed and injected into the
gonads of young adult hermaphrodites (Kim et al., 2014). The rest of screening steps were
followed as described earlier (Dickinson et al., 2013). Knock-in was confirmed using PCR,
and DNA sequencing. The homozygous progeny were outcrossed to wild-type four times
before subsequent experiments.

RNA interference—We performed RNAI using the feeding method as previously
described (Timmons and Fire, 1998). The L4417 plasmid targeting perm-1 (obtained from
the Kamath feeding library (Kamath and Ahringer, 2003)) and the entire GFP sequence
(generated by the Fire lab and available at http://www.addgene.org/1649/) were transformed
into HT115(DE3) bacteria. Bacterial cultures for feeding were grown for 10-12 h and

then induced on standard nematode nutritional growth media plates containing 50 pg/ml
ampicillin and 1 mM IPTG for 16-24 h at 20-25°C, then stored at 4°C. For perm-1 RNA,
L4 stage larvae were placed on feeding plates for 16—-24 h before imaging.

Imaging conditions—We dissected gravid hermaphrodites and mounted one-cell
embryos under #1.5 22-mm square coverslips in 2.5 pl of water or standard Egg Salts

buffer (118 mM NacCl, 40 mM KClI, 3.4 mM CaCl2, 3.4 mM MgCI2, 5 mM HEPES, pH 7.4)
containing ~500 uniformly sized polystyrene beads (15.6 + 0.03 um diameter, Bangs labs,
#NT29N) to achieve uniform compression of the embryo surface across experiments (Robin
etal., 2014).

We performed near-TIRF imaging at 19-21°C on an inverted Nikon Ti-E N-Storm
microscope, equipped with motorized TIRF illuminator, Apo TIRF 100x Qil-immersion
DIC N2 objective (Nikon) with 1.49—numerical aperture (NA), and PFS-S Perfect Focus
unit (Nikon). Laser illumination at 488 nm and 561 nm from 300 mW solid-state sapphire
laser (Coherent) was set at 30% of maximal power and delivered by fiber optics to the TIRF
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illuminator. Images were magnified by a 1.5x lens and collected on an Andor iXon Ultra
DU-897 EMCCD camera, yielding a pixel size of 107 nm.

We controlled laser illumination angle and intensity and image acquisition using NIS
Elements software (Nikon). For all experiments, we set the laser illumination angle to

a standard value that was chosen empirically to approximately maximize signal intensity
while maintaining even illumination across the field of view. For all SPT experiments, we
collected images in streaming mode with continuous illumination at 15-60% laser intensity
(100% ~ 1.6 pW-um=2) with 50 ms exposures to achieve frame rates of 20 frames/s.

Tuning GFP levels to achieve single-molecule densities—The quasi-steady-

state densities observed during imaging depend on the initial (unobserved) densities,
photobleaching rates and the intrinsic exchange kinetics of the target molecule (see main
text and below). We thus determined the appropriate initial densities empirically for a
given strain and experiment. We achieved these initial densities by using two methods as
previously described (Robin et al., 2014). For SWG282 (CYK-1:GFP over-expression), we
used RNA. directed against the GFP sequence to deplete the pool of GFP-tagged proteins.
RNAI against maternal proteins typically yields an exponential decrease in the maternal
protein with time of exposure (Oegema and Hyman, 2006). We controlled the degree

of depletion by synchronizing larvae and sampling embryos at different times after the
initiation of feeding to identify times at which discrete diffraction-limited speckles were
observed at the cell surface. The optimal time was relatively consistent across experiments
for a given strain and varied from 12-36 h depending on transgene expression levels and
relative abundance at the cell surface vs. cytoplasm. To fine-tune density levels, we used
brief (<10 s) pulses in epi-illumination mode at high laser power until adequate density was
reached (Robin et al., 2014).

Drug perfusion experiments—For exposing embryos to 10 uM of Latrunculin A
(Sigma L5163) or to 10 ug/mL of Nocodazole (Sigma M1404) in Egg Salts buffer during
image acquisition, we used wider coverslips (22 mm x 30 mm) so that a perfusion chamber
is formed between coverslip and slide, and the coverslip passes about 3 mm from the side
of the slide. On the inverted microscope, this outer side of coverslip helps as support to
able to deposit the perfusion volume as a drop (4 pL) while imaging. The drug solution
likewise perfused by capillarity between slide and coverslip exposes the embryos to the
drug instantly. The perfusion timepoint is visible in the corresponding movies as a brief
brightfield illumination and used as a reference during analysis.

Assessing potential adversary effects of compression, laser exposure and
GFP fusion—We followed experimental procedures as previously tested (Robin et al.,
2014). Using photobleaching to reduce GFP-tagged protein levels from full to single-
molecule levels in one step resulted in arrested development. However, the laser exposure
required to fine-tune densities by photobleaching, or that occurring during single-molecule
imaging, did not cause embryos to arrest. In all of our single-molecule imaging experiments,
we verified that embryos initiated and completed cytokinesis with normal timing or, in the
case of nocodazole treated embryos multiple nuclei were present in the cell. To confirm

that no adverse effects on population dynamics were associated with GFP fusion in the
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CYK-1:GFP CRISPR strain, we also used a CYK-1::mNeon CRISPR fusion to confirm our
results (data not shown, strain available upon request).

Single-molecule detection and tracking—We used a publicly available Matlab
implementation of the Crocker-Grier algorithm for single-particle detection and tracking
(Pelletier et al., 2009; Crocker and Grier, 1996). In brief, the Crocker-Grier method localizes
particles to subpixel resolution in individual frames by fitting local intensity peaks to a
Gaussian point spread function. The two key detection parameters—peak and mean intensity
of the candidate particles—are adjusted empirically for given imaging conditions using a
graphical user interface. The particles are then linked frame to frame by minimizing the
global displacement across all particles, given a user-chosen cutoff value for maximum
particle displacement. A second parameter, the gap size, allows the possibility of ignoring
‘gaps’ in a trajectory due to transient failures to detect particles. These transient failures
occur mainly because motion blur causes the particle intensity to fall transiently below the
detection threshold.

Computing mean squared displacement (MSD) and alpha parameter—To
explore particle dynamics, and we first computed the MSD. We first selected tracks of
length larger than 15 times points, or 750ms, then computed the MSD at time intervals
ranging from 50 ms to the duration of the track divided by 2.5. We then performed a linear
fit on the logarithm of the MSD for tau < 300 ms (or 6 =15/2.5 frames, thus ensuring a
“coverage” of the MSD of ~2.5-fold (meaning that, at maximal Tau, each measure of the
MSD was sampled independently at /east 2.5 times, thus minimizing measurement errors).
Experimentally, after 750ms, superdiffusive particles had traveled on the order of ~900 nm,
or ~9 pixels, compared with a localization resolution ~60 nm under our imaging conditions.

Estimating in vivo actin assembly parameters—To estimate actin concentration, we
assumed that elongation rates scale linearly with actin concentration, and used previously
measured peak elongation rates of ~60 monomers-s—, at 1.5 uM ATP-Actin in presence of 4
uM profilin (Neidt et al., 2009; Neidt et al., 2008).

To infer filament length, we made the following assumptions:
1. actin monomers display simple mono-exponential half-life at the cortex,

2. actin monomers display a half-life measured by tracking and smPReSS of 0.08-
0.15 s (Robin et al., 2014; Michaux et al., 2018),

3. elongating formins display simple mono-exponential half-life at the filament
barbed end,

4, elongating formins display a half-life measured by smPReSS of ~0.11 s (Figure
2D).

Under these assumptions, we consider solely actin filaments assembled by formins. From
the perspective of an actin monomer at the time of disassembly, two options are possible:

1. the monomer disassembles while the formin is still elongating,

2. the formin unbinds and elongation stops before the monomer disassembles.
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The “effective” elongation time of the formin on the filament is then the minimum value
between (1) and (2). If actin lifetime and formin mediated actin-filament elongation time
have independent exponential distributions of parameters 1/, and 1/ <t gormin then the
minimum between the two values also has exponential distribution of parameter 1/ fizment =
U ta0tin + 1 Trormin. Under these conditions, the length of the elongated filament is:

Velongation
L fitament = Velongation X T filament = 1 1)

Tactin  Tformin

Formin speed measurement analysis—We performed single-molecule imaging as
described previously. We mounted the embryos between glass slides with squares wells of
20 pm thick Epoxy and #1.5 coverslips (170 pm thick) in 2.5 pL of 0.22 pum filtered water
with 15.4 pm polystyrene beads. We imaged single molecules using 50% of 90mW of 488
nm laser, 50 ms of exposure, no delay between frames, using Photometrics 95B prime 22
mm sCMOS camera. Laser angle was set to 65°. Room temperature maintained between

19 and 20.5°C. After acquisition, we averaged two consecutive frames, in order to achieve
10 frames per second using ImageJ software (NIH Image, Bethesda, MD). We used Matlab
implementation of the Crocker-Grier algorithm (Crocker and Grier, 1996) by the Kilfoil lab
for single-particle tracking. We selected manually a ROI to exclude tracks from residual
particles outside the cell for each stage: whole embryo for one-cell stage, anterior (AB)

cell for two-cell stage, posterior AB daughter cell (ABp) for four-cell stage. Each stage
was separated into three phases based on observed cortical dynamics: interphase (pulsed
contractions at the cortex); mitosis (cortex “stable” with no identifiable pulsed contractions);
and cytokinesis (visualized by cleavage furrow assembly).

Subsequent image analysis was performed in Matlab. We selected the trajectories based on
their anomalous diffusion coefficient D and scaling exponents a. Tracks were classified

as subdiffusive and superdiffusive, and selected specifically superdiffusive trajectories. In
order to calculate the velocity only during elongation of actin filaments, we performed a
second selection to exclude tracks displaying multiple behaviors during their lifetime (due to
switches between subdiffusive and superdiffusive) and retained tracks displaying exclusively
superdiffusive behavior. Finally, we screened individual trajectories manually to retain tracks
that were closer to a line to avoid skewing our estimates of particle speed.

Two-color imaging microscopy—We performed single-molecule imaging as described
previously. Acquisitions were performed with the Andor iXon 897 EMCCD camera. We
imaged at 30% of 90 mW for 488 nm and 561 nm, with 50 ms exposure and no delay
between frames (100 ms between two successive frames of the same channel). After
acquisition, we averaged five consecutive frames, in order to achieve 2 frames per second
using ImageJ. Pulsed contractions were selected manually and data from the intensity profile
of a line drawn through the pulse is collected in a single frame. 3 pulses per embryo in 6
embryos (total of 18) were analyzed in Matlab (R2018a version). Intensities are smoothened
and normalized with the local maximum value set to 1 and the immediately preceding
minimum set to 0. To compare local accumulations of GFP fusions with Myosin (Figures
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3A-3E), we defined the peak Myosin intensity as the point of maximal intensity in the

red channel (Myosin, NMY-2::mKate2) in a cross-section through the pulse, and aligned
spatially our collection of pulses based on the red channel. The information on the spatial
alignment was subsequently propagated to the intensity data of the green channel (Formin,
RhoA, and ROCK) to compare how the intensity in the two channels correlate spatially in
our pulse collection. Intensity valued was smoothened through a rectangular window (size
3).

Tracking of individual pulses of CYK-1:GFP—We used a semi-automatic approach
to identify and follow CYK-1 pulses during the two-cell stage interphase, in the anterior
blastomere. We manually identified isolated pulses and drew a ROl over the surface of
each pulse (about 6 pm in diameter), at about 5 frames before maximum contraction of the
area can be detected. The ROI was then automatically propagated in time before and after
t0, and also we designed a Matlab script (STAR Methods) allowing to adapt automatically
the surface of the ROI in order to include the full trajectory of particles appearing within
the ROI. To eliminate drift of the ROI associated with cortical flows, independently of
CYK-1 mobility within the pulse area, we used a dedrifting routine on each particle based
on the displacement of its neighbors. This was important for mobility analysis as particles
registered with a global drift—and therefore displaying a persistent directional motion—
would otherwise register as superdiffusive.

Single particles tracking and pulse analysis pipeline in Matlab—We designed an
analysis pipeline based on Matlab scripts (STAR Methods, code available upon request)
that includes CYK-1:GFP particles detection and tracking, reduction to the surface of the
embryo and the AB cell, de-drifting of the trajectories and MSD analysis for segregation

in different mobility populations (mainly superdiffusive CYK-1 vs. subdiffusive CYK-1).
The further step is to intersect the matrix of all these trajectories with the specific ROl of
each pulse. The final step is to normalize and align all the pulses (humber of particles in
time) with respect to their maximum and the minimum number of particles before, then to
measure the angle orientation of every vector formed by the trajectories with respect to the
center of the ROI.

Numerical simulation of formin local recruitment—We used MATLAB to compute a
2D simulation of local formin activation and actin filament elongation. Pulses were spatially
and temporally distributed in an embryo’s shaped mask in a random manner. Pulse were
defined by a fixed 5x5 pm window (100x100 pixels) and a 20 s time window (400 frames).
Pulses could not overlap in time and space. Using experimental data, density of formin
recruitment, position around the center of the formin accumulating region and kinetics

of recruitment could be computed in each pulse. We added 0.01 formins recruitment /um?2/
frame all over the embryo mask (independent of pulses generation) corresponding to the
formin recruitment rate observed in areas away from a pulse. According to experimental
data, 80% of the formin recruited were assigned to be subdiffusive while 20% of them were
assigned superdiffusive. Since we aimed to study superdiffusive particles, we approximate
sub-diffusive and diffusive particles as a unique population of immobile particles. Each
position of superdiffusive tracks were computed using the following sequence. The length
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of the step R, was picked in a normal distribution whose mean is 1.23 pum/s and standard
deviation is 0.30 um/s (values extracted from experimental data). The orientation 6y, of the
step was calculated assuming a persistent length P, of 15um (close to the actin persistence
length, (Howard, 2001)).

R

On+1= 9n+XXCOS_1(e_2-PL with X — 40, 1)

Length of track were assigned using the distribution of track length for sub-diffusive and
super-diffusive particles, respectively. Simulated data were analyzed using the same methods
as experimental data.

Overview of the computational model of actomyosin networks mechanics—
For simulations of actomyosin networks in this study, we used a well-established agent-
based model of actomyosin networks based on the Langevin equation (J. Li et al., 2017;
Jung et al., 2015; T. Kim et al., 2009; Mak et al., 2016). The detailed descriptions about
the model and all parameters used in the model are explained in Supplementary Text and
Table S1. In the model, actin filament (F-actin), motor, and ACP are coarse-grained using
cylindrical segments (Figure S7A). The x, y and z positions of all the cylindrical segments
are updated by the Langevin equation for Brownian dynamics. Deterministic forces in

the Langevin equation include bending and extensional forces that maintain equilibrium
angles formed by segments and the equilibrium lengths of segments, respectively, as well
as a repulsive force acting between neighboring pairs of segments for considering volume-
exclusion effects between F-actins. Due to the repulsive force, F-actins push away from each
other if they overlap in space.

The formation of F-actin is initiated by a nucleation event, followed by polymerization

at the barbed end and depolymerization at the pointed end. ACPs bind to F-actin without
preference for cross-linking angles at a constant rate and also unbind from F-actin at a
force-dependent rate determined by Bell’s law (G. I. Bell, 1978). Each arm of motors binds
to F-actin at a constant rate, and it then walks toward the barbed end of F-actin or unbinds
from F-actin at force-dependent rates determined by the parallel cluster model (Erdmann et
al., 2013; Erdmann and Schwarz, 2012). For all simulations in this study, we used a thin
computational domain (20 umx20 umx0.1 pm) with periodic boundary conditions only in x
and y directions (Figure S7B). In z direction, the boundaries of the domain exert repulsive
forces on elements that moved beyond the boundaries. At the beginning of each simulation,
a thin actin network is formed via self-assembly of F-actin and ACP.

For implementing RhoA activation, the domain is divided into 16 subdomains (4x4 in x and
y directions). Every 30 s, one of the subdomains is randomly selected and then activated. In
the activated subdomain, a fraction of the barbed ends of F-actins are randomly chosen and
then undergo faster polymerization by a factor, pg, for the duration of z. With the reference
values of ps = 10 and z¢ = 10 s, F-actins are elongated by ~10 um on average. For each
simulation condition, five simulation runs are performed. After the time delay of ay;, motors
in the activated subdomain are allowed to self-assemble into thick filament structures for the
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duration of 7. The reference values of ay; and 7y are 5 s and 15 s, respectively. These
active motors in the form of thick filaments can contract the part of the network in the
activated subdomain. Once they become inactive after zy, the motors are disassembled into
monomers that cannot bind to F-actin.

The code used in this study has been deposited at Zenodo and is publicly available with
https://doi.org/10.5281/zenodo.6486924.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis are provided in the corresponding figure legends,
Tables S1 and S2. Additional information is provided below for Figure 2.

Formin speed measurement statistical analysis (Figure 2): 23 to 40 tracks per embryo
were selected. Normal distributions were verified. Two-sample Student tests (t-tests) were
performed to measure the significance of the difference in speed between each stage and
phase. *** means p < 0.001, ** means p < 0.01, ns: non-significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

The formin CYK-1 drives actin network assembly downstream of RhoA
pulses

A barbed-end saturation mechanism could allow responsive F-actin assembly
Rapid F-actin elongation results in assembly of aster-like polar actin networks

Numerical simulations show network polarity drives efficient network
contractility
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Figure 1. Anomalous diffusion of individual formin molecules identifies a subpopulation of
actin-elongating formins

(A) Single-molecule imaging and tracking of formins fused with GFP (CYK-1:GFP
CRISPR strain) shows individual behaviors ranging from superdiffusive (green) to diffusive
(blue) to subdiffusive (red).

(B) Detected mobilities correspond to different classes of behaviors. Superdiffusive particles
display a characteristic ballistic motion (green, top panel), whereas subdiffusive particles
appear immobile in the cortex (red, bottom).

(C) MSD versus lag time (log-log scale). Curve slope reports on the anomalous diffusion
exponent a of the trajectory. Green: superdiffusive (a > 1.2). Blue: diffusive (0.8 < a < 1.2).
Red: subdiffusive (a < 0.8). Green dashed: pure superdiffusive (a = 2). Blue dashed: pure
diffusive (o = 1). Orange dashed: immobile (a = 0). Detailed curves are available in Figures
S1D-S1G.
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(D) Distribution of the fraction of particles displaying a given anomalous diffusion
exponent in 5 videos (average £SD). Background shows the domains corresponding to the
classification used here. Two peaks seem to emerge, centered at a = 0.3 and a = 1.6.

(E) Compared with the control (green curve), the superdiffusive population is absent in
embryos treated with LatA (purple) but not nocodazole (orange). More than 2,000 tracks
were analyzed per embryo, with more than 5 embryos per condition presented.

(F) Projection over 5 s (100 consecutive frames) of formin CYK-1::GFP (left) and
actin:GFP (right) speckles, showing subdiffusive speckles (red arrow) and superdiffusive
trails (green arrow). Actin::GFP does not display superdiffusive trails.
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Figure 2. Formin speed is changed by the cell cycle but conserved through cell lineages
(A and B) Formin speed in AB (A) and P1 (B) cells. Right: distribution of elongating

formin speed. Left: schematic of the stage and location of the cell from which the tracks are
extracted, with the measured cell in light blue. Myosin is shown in red and actin in green.
*p 20.05, **p =0.01, ***p =0.001; ns, not significant. A dashed orange line marks upper
and lower averages. Outliers are shown in red. See Tables S1 and S2 for detailed statistical
information.

(C) Cumulative distribution of CYK-1::GFP trajectory duration as a fraction of detection
events, showing a half-life of ~5 s.

(D) The surviving fraction of cortical CYK-1::GFP as a function of photobleaching time
reports on the turnover rate Kofr and the photobleaching rate kyp. Curves of photobleaching
for 4 individual embryos, normalized for initial values, are shown in colored shades.
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Biexponential fit is shown in solid red. Experiments were performed on the CYK-1:GFP
overexpression strain. GFP density was reduced using GFP RNAI.
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Figure 3. Recruited formins and actin-filament elongating formins display distinct dynamics

during pulsed contractions

(A) Two-cell stage embryo showing the RhoA biosensor (green, AHPH::GFP) and myosin Il

(magenta, NMY-2:mKate2).

(B) Mean normalized intensity of RhoA and myosin density profile across pulses. See
Figure S4 for detailed information on quantifications.
(C) Two-cell stage C. elegans embryo expressing formin CYK-1:GFP CRISPR (green) and
myosin NMY-2:mKate2 CRISPR (magenta).
(A" and C") Corresponding magnified views of a single pulse. Top: both channels. Bottom:

separate channels.

(D) Formin normalized mean intensity (solid green) and myosin (solid magenta) density

profile along an axis drawn through pulses.

(E) Compiled results from (B) and (D).
(B, D, and E) Shaded curves: standard deviations from 18 pulses from 6 embryos.
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(F) The number of total (purple), superdiffusive (green), and subdiffusive (red) formin
CYK-1:GFP molecules during pulsed contractions varies periodically.

(G) Normalized number of molecules during pulsed contractions. The populations display
distinct accumulation dynamics.

(H) Temporal evolution of the relative fraction of superdiffusive (green) and subdiffusive
(red) subpopulations within the total population during pulsed contractions.

(I-K) Dynamics of formin CYK-1::GFP populations during pulsed contractions, averaged
over 115 pulses from 10 embryos. Individual pulses are synchronized to pulse initiation (t =
0; see also Figure 5F). In (1) and (J), the number of total (purple), superdiffusive (green), and
subdiffusive (red) formin CYK-1::GFP speckles during pulsed contractions. Absolute (I) and
normalized (J) numbers of molecules during pulsed contractions show that superdiffusive
(green), subdiffusive (red), and total formin (purple) populations accumulate with distinct
dynamics.

(L) Cross-correlation with total population of superdiffusive (green), subdiffusive (red), and
total (purple) formin populations. The offset shows that subdiffusive formins accumulate 3.3
s after superdiffusive formins.

(F-H and L) Population dynamics of formin CYK-1:GFP in a single embryo during 5
consecutive pulsed contractions.

(M) Rate of change of normalized pulse area during a pulsed contraction. The contraction
(blue overlay) starts ~3 s after pulse initiation and ~6 s after particles start to accumulate in
the pulse.

(1, J, and M) Shaded curves: SEM.

(F-M) CYK-1:GFP overexpression strain. GFP density was reduced using GFP RNA..
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Figure 4. Modeling formin recruitment dynamics with an excess of formins over barbed ends
reproduces the in vivo recruitment sequence

(A) Temporal dynamics of recruited formins during a sequence of 3 pulses. Red, recruited
formins.

(B) Same as in (A) but with elongating formins (purple, elongating formins; light red,
recruited formins). Recruited formins accumulate after elongating formins.

(C) Temporal dynamics of barbed ends (cyan, barbed ends; light red, recruited formins).
Model with 2 free parameters and 4 fixed parameters, the value of which was set based

on experimental measurements. Barbed ends accumulate progressively in the absence of
formins (between pulses) but are rapidly used upon formin recruitment. Recruited formins
are immediately converted into elongating formins so that elongating formins accumulate
until depletion of the built-up barbed ends. The RhoA activation period is denoted by a black
line and “Rho On” or “On.”

Cell Rep. Author manuscript; available in PMC 2022 June 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Costache et al.

Page 36

(D) The same model with a different choice of parameter values for the free parameters of
the model. The outcome is similar.

(E) Distinct model where barbed ends are generated periodically during the end of the
pulsed contractions, mimicking myosin-driven actin buckling/severing activity. This model
also readily reproduced the expected outcome without additional refinement.

(F) Schematic of the two phases of the pulse, representing a “first come, first served”
scenario. Early phase: formins arrive at the cell surface, barbed ends are available, and
recruited formins are immediately converted into elongating formins. Late phase: upon
depletion of the barbed-end pool, formins are trapped in the recruited state.
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Figure 5. CYK-1 formin-driven actin-filament elongation during pulsed contractions drives
formation of a transient polar actin network, barbed ends pointing out

(A) 2-cell-stage embryo expressing CYK-1::GFP. Orange circle, pulsed contraction.

(B) Measurement of the angle is performed with respect to the center of the formin pulse
and the local orientation of the formin trajectory.

(C) Green (blue) track oriented with the filament barbed end pointing away from (toward)
the center of the formin pulse.

(D) Angle distribution for steps of elongating formins. Average elongation orientation is
shown as a red segment.

(E) Angle distribution of superdiffusive formin trajectory steps during pulsed contractions.
During the peak of the pulse, around the pulse center, superdiffusive formins display, on
average, an outward orientation (dashed red box). 115 pulses derived from 10 distinct
embryos were used to collect more than 50,000 trajectories. Steps are binned according to
the distance from the center of the formin pulse (vertical) and time from t = 0 (horizontal,
3-s intervals) to produce each rose plot. Steps are then mapped in the polar histogram as

in (C). Individual pulses are synchronized to pulse initiation (t = O, first pass at 45% of

the normalized number of particles in the considered pulse), as shown in (F). Average step
orientation is displayed as a red segment, with length reflecting statistical significance. Rose
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plots with fewer than 200 steps are not represented (the dashed line outlines plots with >200
steps).

(F) Evolution of the number of particles in a pulse; the same axis as in (E). Light purple,
total number of formin particles in individual pulses; dark purple, the corresponding average
and SEM; green, average and SEM for the superdiffusive population.

This is the same dataset as in Figures 31-3L. Experiments were performed on the
CYK-1:GFP overexpression strain. GFP density was reduced using GFP RNA. (see STAR
Methods for additional details).
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Figure 6. Agent-based models for the mechanics of pulsed contractions demonstrate that polar
network architecture supports efficient actomyosin contractility

(A) Simulating a sequence of two successive pulsed contractions. The first pulse occurs

in the center, whereas the second pulse location is stochastic. Snapshots were taken at t =
10, 20, and 50 s (during pulse initiation, the first pulse, and the second pulse, respectively;
Figure S7B) with three different fractions of barbed ends undergoing quick elongation:
0%, 0.25%, and 1%. Top row: actin, myosin, and actin cross-linking protein are shown in
red, green, and gray, respectively. Formin-elongated actin filaments assembled are shown
in yellow. Center and bottom rows: magnitude of tensile forces on filaments, visualized
using the color scaling shown below. A green overlay represents active myosin motors.
Simulations have periodic boundary conditions.

(B) Maximum and end-of-cycle values (blue triangles and red circles, respectively; see inset
for definition) of the actin contraction as a function of the fraction of fast-elongating actin
filaments. Contraction is computed in a square region (4 x 4 um) located within the pulsing
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region and indicates how homogeneous the network morphology becomes in the square
region because of actin aggregation (see supplemental information for details). The inset
shows the time evolution of actin contraction (fast elongation at 0.25%) with an indication of
maximum and end-of-cycle values.

(C) Sum of tensile forces acting on quickly elongated filaments depending on the fraction of
such filaments.

(D) A snapshot of a network with actin filaments elongated quickly from pointed ends, taken
att =20 s. The color schemes are identical to those used in the second and third rows of (A).
(E-G) Maximum actin contraction (E), motor contraction (F), and sum of tensile forces on
elongated filaments (G), quantified at t = 20 s. The motor contraction indicates how much
the size of motor the population decreases compared with the initial size. In the control case,
filaments are elongated from barbed ends, whereas in the other case, filaments are elongated
from pointed ends.
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Actomyosin nodes Actomyosin architecture
during cytokinesis during pulsed contractions
in S. pombe in C. elegans and other metazoans
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Figure 7. Compared analysis of contractility between pulsed contractility in metazoans
(Drosophilaand C. elegans) and yeast

(A and B) During cytokinesis in Schizosaccharomyces pombe, nodes form, cluster, and
align, forming the contraction to drive cell division, with a process scale size of 1-2 pm.
Comparatively, in metazoans, pulsed contractions drive apical constriction over 10-50 um
(A). The formin Cdc12p is recruited in the nodes and drives filament elongation (B). Pointed
ends of filaments are proposed to diffuse locally and explore their environment until they are
captured and pulled by Myo2p myosin filaments of another node.

(C and D) During pulsed contractions in C. elegans, Rho recruits formins, which elongate
actin filaments, followed by myosin recruitment in the pulse center (C). Processive actin
elongation by formins, recruited at the pulse site under control of Rho, drives formation of

a polar actin network initiated at the pulse and extending more than 10 um from the pulse,
with actin barbed-end pointing outward (D). Myosin recruited by Rho in the center of the
pulse then efficiently drives actin network contraction, pulling on actin cables assembled
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during the pulse to “reel in” the network toward the center of the pulse. A model inspired by
the SCPR model has been proposed previously to account for contractility in cultured cells
treated with small doses of LatA (Luo et al., 2013), supported by the observed recruitment
of myosin at the pulse center and between pulses. In our system, we did not observe such
myosin recruitment, suggesting that the two systems might be organized differently.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains
L4417 plasmid Kamath feeding library (Kamath ~ NA

and Ahringer, 2003)
HT115(DE3) bacteria NA
Chemicals, peptides, and recombinant proteins
Latrunculin A Sigma L5163
Nocodazole Sigma M1404

Experimental models: Organisms/strains

WT strain N2 CGC

EM302 Michaux et al., 2018
FBR104 This study

FBR106 This study

FBR160 This study

FBR175 This study

JH1541 Courtesy of G. Seydoux
LP229 Dickinson et al., 2017
SWG001 Reymann et al., 2016
SWG282 This study

Wild-type Bristol strain

mgSi5[cb-UNC-119 (+) GFP:ANI-1(AH+PH)]II;
nmy-2(cp52[nmy-2::mKate2 + unc-119(+)]) I; unc-119(ed3) Il

cyk-1(jme06[cyk-1::mNeon])I11

cyk-1(jme06[cyk-1::mNeon])III;
gesls001[Pmex-5:Lifeact::mKate:nmy-2UTR, unc-119+]

cyk-1(jmel4[cyk-1::eGFP])III

cyk-1(jmel4[cyk-1::eGFP])III; nmy-2(cp52[nmy-2:mKate2 +
unc-119(+)]) I; unc-119(ed3) 111

unc-119(ed4); pJH7.03 [unc-119; pie-1:GFP:actinpie-1 3'UTR]

nmy-2(cp52[nmy-2::mKate2 + LoxP unc-119(+) LoxP]) I; unc-119 (ed3)

1l
gesls001[Pmex-5:Lifeact:mKate::nmy-2UTR, unc-119+]
gesls008[Pcyk-1:CYK-1:GFP::cyk-1UTR, unc-119+]

Software and algorithms

Computational model of
actomyosin mechanics

Kim Taeyoon, this study

10.5281/zenodo.6486924
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