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The spatial and temporal dynamics of forces in cells coordinate essential
behaviors like division, polarization, and migration. While intracellular sig-

naling initiates contractile ring assembly during cell division, how mechanical
forces coordinate division and their energetic costs remain unclear. Here, we
develop an in vitro model where myosin-induced stress drives division-like
shape changes in giant unilamellar vesicles (GUVs, liposomes). Myosin activity
is controlled by light patterns globally or locally at the equator. Global acti-
vation causes slow, shallow cleavage furrows due to a tug-of-war between the
equatorial and polar forces. By contrast, local activation leads to faster, dee-
per, and symmetric division as equatorial forces dominate. Dissociating the
actin cortex at the poles is crucial for inducing significant furrowing. During
furrowing, actomyosin flows align actin filaments parallel to the division plane,
forming a contractile ring-like structure. Mechanical power is not greatest
during contraction, but is maximized just before furrowing. This study reveals
the quantitative relationship between force patterning and mechanical energy

during division-like shape changes, providing insights into cell division

mechanics.

Cell division is fundamental to embryonic development’, cancer
metastasis’, and tissue homeostasis®. Division failure leads to abnormal
chromosome numbers and cell death®. In animal cells, the division
plane positioning is regulated by RhoA signaling from the anaphase
spindle, which locally activates F-actin polymerization and myosin Il to
assemble a contractile ring®®. The contractile ring is formed through
the reorganization of F-actin, driven by locally increased mechanical
tension’ and compression from actomyosin cortical flows'. Division
begins with cell elongation perpendicular to the division plane” and
chromosome separation towards astral microtubules®, followed by
contractile ring constriction to divide the cell.

While intracellular signaling initiates F-actin assembly and
myosin phosphorylation, it is mechanical forces that drive the sub-
sequent changes in cell shape. Growing evidence suggests that not
only equatorial contractile forces, but also the spatial balance across

the entire cell, including contractility and elasticity at the cell poles,
are crucial for successful cell division. For instance, cell elongation
has been linked to the relaxation of cortical stiffness at the poles
through actin clearance™. Conversely, globally activated con-
tractility, including at the poles, can destabilize symmetric division”,
while decreased equatorial elasticity may facilitate division'®.
Moreover, certain cell types, such as neuroblasts of C. elegans and
Drosophila®?, exhibit stable asymmetric division associated with
polarized F-actin assembly**”, However, the precise role of
mechanical relaxation in successful cell division, as well as the
energetic efficiency of mechanical processes during division,
remains largely unexplored. While the contractile ring is formed
through F-actin reorganization driven by localized tension’ and
actomyosin flows'’, the energetic signature of this transition remains
unknown.
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Understanding the mechanics and energetics of cell division is
often hindered by cellular complexity, such as variable protein com-
position and overlapping signaling pathways. Here, we developed an
in vitro model of dividing cells by encapsulating purified actin and
myosin within giant unilamellar vesicles (GUVs, liposomes)*™, This
system enables precise control over both molecular inputs (e.g., pro-
tein composition) and mechanical inputs (i.e.,, actomyosin con-
tractility), which is infeasible in living cells. By controlling myosin
activity with light patterns, we investigate its impact on dynamics,
symmetry, and mechanical energy usage of cell division-like shape
changes. We correlate shape changes with liposome aspect ratio, fur-
row depth, and F-actin alignment under varying actin-membrane
attachment strength, turnover, and F-actin architecture. Our aim is to
determine how contractility regulates shape change and F-actin
organization to optimize mechanical outputs during division. We
identify that mechanical power is maximized during shape elongation,
coinciding with contractile ring formation, while furrowing expends
less mechanical power and leads to greater energy dissipation.

Results

Contractility patterning drives cell division-like shape changes
We developed an experimental system enabling cell division-like
membrane deformation. Purified actin, myosin Il, and actin-associated
proteins were encapsulated within liposomes using the inverted
emulsion method (Methods)?**** (Fig. 1a). The linear F-actin nucleator
formin mDial*, which is essential in dividing cells**®, was used for
F-actin polymerization to facilitate myosin force generation®.
Histidine-tagged mDial (His-mDial) was localized to the lipid bilayer
membrane containing DOGS-NiNTA lipids (Fig. 1a) (Methods). F-actin
was dispersed within the liposome volume since mDial may release the
polymerized F-actin after elongation®® (Fig. 1b, midplane). Thus, F-actin
was tethered to the membrane via His-a-actinin to form a cortical
F-actin network (Fig. 1b, surface), enabling transmission of actomyosin
contractility to the membrane. We expect all His-mDial (300 nM) and
His-a-actinin (70-280 nM) to be membrane-bound since there are a
sufficient number of membrane binding sites for all the histidine-
tagged proteins within the range of protein concentrations we use, as
estimated in our previous study*’.

We spatio-temporally controlled actomyosin contractility using
Blebbistatin, a myosin ATPase inhibitor*. Its inhibitory function is
inactivated by exposure to light with a wavelength of 488 nm or
shorter*”**, F-actin was polymerized for ~10 min at room temperature
(~25 °C) after liposome preparation during which myosin was inhibited
by Blebbistatin (Fig. 1c, (i)). Membrane-bound actin networks were
locally dissociated at the ‘poles’ (referring to the regions at opposite
ends of the periphery of the liposome) using a high-power laser with a
wavelength of 405 nm to relieve contraction-induced stress (Fig. Ic,
(ii)). Myosin was subsequently activated locally at the ‘equator’ using a
laser with a wavelength of 488 nm applied at each image acquisition
(Fig. 1c, (iii)) (Methods). This led to notable membrane deformation,
resulting in the formation of a furrow at the equator enriched with
actomyosin, reminiscent of a dividing cell (Fig. 1d, Movie S1). Three-
dimensional reconstruction images confirmed furrowing across the
equatorial plane (Fig. 1e, Supplementary Fig. 1). The liposome volume
was conserved during shape changes (Supplementary Fig. 2). Particle
Image Velocimetry (PIV) analysis showed that local contractility acti-
vation induced actin flow towards the equator (i.e., contractile foci
induced by rupture and delocalization of the network), suggesting that
locally elevated contractility may drive cell division-like furrowing
(Fig. 1f). Actin flow speed was fastest at the beginning and decreased
over time with comparable magnitudes at various His-a-actinin con-
centrations (Fig. 1g). We confirmed that myosin thick filaments could
form in our experimental setup (Supplementary Fig. 3, Supplementary
Fig. 4). Throughout the experiments, we used a hyper-osmotic buffer
to induce membrane deflation, providing excess membrane to

facilitate significant liposome shape changes (Methods). In contrast, a
hypo-osmotic buffer did not cause notable membrane deformation,
indicating that increased membrane tension may prevent shape
changes® (Methods) (Supplementary Fig. 5).

The liposome contour position was extracted along the mem-
brane from membrane fluorescence images (Methods) (Fig. 1h).
Membrane deformation was quantified by the aspect ratio,
®shape = Rmajor/Rminor» Calculated as the ratio of the major (Rpr) t0
minor axis length (R;.,,) of a fitted ellipse (Fig. 1i). We analyzed
liposomes of comparable sizes with radius ~20-40 pm across different
conditions to reduce variability (Methods) (Supplementary Fig. 1). The
aspect ratio significantly depended on His-a-actinin concentration
(Fig. 1j, Supplementary Fig. 1, Movie S2). The maximum deformation
time peaked around [His-a-actinin] = 70-140 nM (2.0 min), indicating
prolonged shape change (Fig. 1k). Notably, the maximum aspect ratio
peaked around [His-a-actinin] = 70 nM (ag,}glxje =1.6+0.3, mean = SD)
(Fig. 1I). At low [His-a-actinin], weak actin-membrane attachment
reduced force transmission to the membrane, while at high [His-a-
actinin], dense F-actin crosslinking stiffened the membrane-bound
layer, limiting deformation. It has been reported that a specific range
of «-actinin concentrations can facilitate actomyosin contraction
within bulk actomyosin networks crosslinked by a-actinin®. We
observed similar behavior at high concentrations of crosslinkers
without a His-tag, which hindered actomyosin contraction and mem-
brane deformation ([a-actinin] = 200nM and [Fascin] =400 nM)
(Supplementary Fig. 6, Movie S3). Together, these results suggest that
fine-tuning the strength of actin-membrane attachment is essential to
achieve significant cell division-like membrane deformation.

Equatorial activation with pole relaxation maximizes
deformation

We next explored how spatial patterns of actomyosin contractility
influence the extent of deformation, including ‘global’ activation
throughout the liposome or ‘local’ activation at the equatorial plane,
with or without actin cortex dissociation at the poles (Fig. 2a). In the
following, we fixed [His-a-actinin]=70 nM to maximize deformation.
Liposomes of comparable sizes were analyzed across different condi-
tions (Supplementary Fig. 7). Without pole relaxation, liposomes
exhibited no significant shape changes or polarized shapes reminis-
cent of cell blebbing (Fig. 2b, (i) and (ii), Movie S4-S7). The cortical
actin networks appeared to block contractility-induced membrane
expansion, resulting in a wrinkling-like morphology (Fig. 2b, (i) left, (ii)
right, Movie S4 and S7). We occasionally observed blebbing-like
behavior when pole relaxation with a 405 nm laser was not performed
(Movies S5 and S7). This likely occurs because myosin-induced stress
increases internal pressure, leading to F-actin breakage or crosslinker
unbinding within the actin cortex. When pole relaxation is induced,
this pressure increase is mitigated by the expansion of the membrane
at the two poles. Indeed, division-like deformation was observed when
the actin cortex was dissociated at the poles (Fig. 2b, (iii) and (iv),
Movie S1, S8-S10). A bleb-like structure retracted within the furrow
(Movie S8). With pole relaxation, the aspect ratio increased sig-
nificantly over time (Fig. 2c), reaching a notably higher maximum
aspect ratio compared to conditions without pole relaxation (Fig. 2d),
highlighting the importance of pole relaxation for inducing cell
division-like morphology.

We quantified the actin distribution using the actin asymmetry
parameter P, (Fig. 2e). Firstly, we calculated the center-of-mass of the
liposome, r, = N~'Zr;, from membrane positions, r; = (X3 ¥;),i=1---N.
The actin fluorescence intensity was measured at each membrane
position, /. (r;). Then, the center-of-mass of the actin distribution, r,
was calculated as the actin intensity-weighted membrane position,
Face = 2l o (1)) /2 (rp). Finally, we defined the actin asymmetry,
Pact = [Face — Ye|/Runajor» as the deviation of the actin distribution from
the center-of-mass of the liposome, normalized by the major axis
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Fig. 1| Patterned light-activation induces cell division-like membrane defor-
mation. a Schematic of a liposome encapsulating actomyosin. His-tagged proteins
were tethered to the membrane via DOGS-NiINTA lipids embedded in the lipid
bilayer. Linear F-actin was nucleated by His-mDial and tethered to the membrane
via His-a-actinin. b Confocal slices of the actin fluorescence image in the midplane
and at the bottom surface of the liposome. Similar F-actin organization was con-
sistently obtained in more than 10 independent repeats (e.g., Fig. 4b, Fig. 5a).

¢ Schematic of the patterned light-activation of myosin. (i) Myosin is inhibited
during liposome preparation. (ii) Dissociating the actin cortex at the poles by high-
power laser (405 nm) to allow membrane expansion during (iii) light-activation by
488 nm laser along the equatorial plane. d Time-lapse images showing the mid-
plane of a light-activated liposome exhibiting cell division-like deformation. e Side
view (y-z plane) and furrow (x-z plane) of a three-dimensional reconstruction of
the deformed liposome. f PIV of the contracting actomyosin network (left). Yellow
arrows show the total displacement, u, over 5 min with vector magnitudes nor-
malized by the maximum. The colormap represents local strain fields (right).

g Mean actin flow speed within the liposome over time (n =S5 liposomes and N=2
independent experiments in0nM; n=5and N=2in35nM;n=5and N=3in70 nM;
n=4and N=2in 140 nM; n=5 and N=2 in 280 nM). h Contour shape of the
liposome membrane over time. Time is color-coded. i Aspect ratio dgy,p. Of the
liposome estimated from ellipse fitting to the contour shape. j Aspect ratio over
time (n =13 liposomes and N = 3 independent experiments in 0 nM; n=20 and N=2
in35nM; n=39 and N=4 in 70nM; n=28 and N=6 in 140nM; n=15and N=2 in
280 nM). k and I Boxplots showing the time at maximum aspect ratio (k) and
maximum aspect ratio (j) (n=13 liposomes and N=3 independent experiments in
OnM; n=20and N=2in35nM; n=39 and N=4in70nM; n=28 and N=6 in

140 nM; n=15 and N =2 in 280 nM). Data are presented as mean + SD (g, j) or
boxplots where the interquartile range (IQR) is between Q1 (25th percentile) and Q3
(75th percentile), the center line indicates the median, whiskers are extended to
Q3 + L5xIQRand Q1 - L5 xIQR (k, I); *p < 0.05; **p < 0.01; *p < 0.001 in a
two-sided Wilcoxon rank sum test. n.s., not significant. Scale bars, 10 pm. Source
data are provided as a Source Data file.
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Fig. 2 | Pole relaxation with equatorial activation induces fast and symmetric
division. a Schematic of light activation patterns. (i) Global activation within the
entire liposomes. (i) Local activation at the equatorial plane. (iii, iv) Pole relaxation by
dissociating the actin cortex at the poles using a high-power 405 nm laser.

b Snapshots showing the endpoint images of post-deformed liposomes exposed to
different light-activation modes. ¢ Aspect ratio over time (n=20 liposomes and N =4
independent experiments in global; n=18 and N=5 in local; n=30 and N=5 in global
+ pole; n=39 and N=4 in local + pole). d Boxplot showing maximum aspect ratio in
(c). e Schematic showing the definition of the asymmetry parameter P,.. The asym-
metry parameter approaches 1 for asymmetric and O for symmetric actin distribution.
The integral is taken along the membrane contour ds. f Phase diagram of maximum
aspect ratio and asymmetry parameter (n =20 liposomes and N =4 independent
experiments in global; n=18 and N=5 in local; n=30 and N=5 in global + pole; n=39
and N=4 in local + pole). Small points represent individual liposome. Large symbols
are mean + SD. Significance (*) is based on Fisher’s exact test between ‘local + relax.’
and ‘global + relax.” with P, > 0.25 classified as asymmetric P, < 0.25 as symmetric.
g and h Furrow radius over time normalized by its initial value, comparing different

light activation patterns (g) (n =28 liposomes and N =9 independent experiments in
global + pole; n=40 and N=9 in local + pole) and comparing local activation + pole
relaxation with cofilin or Arp2/3 (h) (n=40 liposomes and N =9 independent
experiments in control; n=39 and N=7 in cofilin; n=20 and N=7 in Arp2/3). The
dashed line is a guide for furrow speed fitting within O to 1.2 min. i Boxplot showing
minimum furrow radius in (g) and (h) (7 =28 liposomes and N=9 independent
experiments in global + pole; n=40 and N=9 in control; n=39 and N=7 in cofilin;
n=20 and N=7 in Arp2/3). j Boxplot showing furrowing speed calculated from the
linear fitting to the furrow radius time course within O to 1.2 min in (g) and (h) (n=28
liposomes and N =9 independent experiments in global + pole; n=40 and N=9 in
control; n=39 and N=7 in cofilin; n=20 and N =7 in Arp2/3). Cofilin, Arp2/3, and His-
VCA were used at 0.15uM, 18 nM, and 1.5 uM, respectively. Data are presented as
mean +SD (c, f-h) or boxplots where the interquartile range (IQR) is between Q1 (25th
percentile) and Q3 (75th percentile), the center line indicates the median, whiskers are
extended to Q3 + 1.5xIQR and Q1 - 1.5 x IQR (d, i, j); *p < 0.05; *p < 0.0L

**p < 0.001 in a two-sided Wilcoxon rank sum test. n.s., not significant. Scale bars, 10
pm. Source data are provided as a Source Data file.
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length R0 (Fig. 2€). The asymmetry parameter approaches P, — 1
for an asymmetric, polarized actin distribution, while it approaches
P, — O for a symmetric actin distribution.

We correlated liposome shape changes with the actin distribution
in a phase plot of the maximum aspect ratio vs. the asymmetry para-
meter, providing a comprehensive view of how mechanical input
(localization of actomyosin) influences morphological output (aspect
ratio) (Fig. 2f). Without pole relaxation, both parameters remained low,
indicating minor deformation and non-polarized actin distribution
(Fig. 2f, global, local). By contrast, pole relaxation increased the aspect
ratio by allowing membrane expansion at the poles while retaining a
symmetric actin distribution (Fig. 2f, local + relax.). The asymmetry
parameters under local and global conditions without pole relaxation
are comparable to those under local conditions with pole relaxation.
This is because light activation without pole relaxation does not sig-
nificantly deform the membrane or change the actin distribution from
its initial symmetric state. With pole relaxation, local activation
induced a more symmetric actin distribution and significant defor-
mation compared to global activation (Fig. 2f, global + relax.). These
findings suggest that combining the relaxation of cortex tension at the
poles with local contractility patterning tends to induce symmetric and
significant cell division-like deformation of the membrane.

Actin turnover and architecture regulate furrowing dynamics
We analyzed furrow radius R; across the division plane for liposomes
exhibiting cell division-like deformation with pole relaxation (Meth-
ods) (Fig. 2g, Supplementary Fig. 8). Linear fitting was performed on
the furrow radius vs. time plot within the first 1.2 min to estimate the
approximate furrowing speed. Liposomes with comparable sizes were
analyzed across different conditions (Supplementary Fig. 7). Notably,
the minimum furrow radius under local activation was smaller com-
pared to global activation (Fig. 2i), with significantly faster furrowing
speed (Fig. 2j). This suggests that, under global activation, contractility
at the poles may counteract equatorial contractility and decelerate
furrowing®e. Therefore, local activation is mechanically more suitable
for inducing rapid and significant deformation than global activation.

In the presence of His-mDial and His-a-actinin, we added other
actin-associated proteins to examine their effects on cell division-like
shape changes. Cofilin ([Cofilin]/[Actin] = 0.025) accelerated furrowing
(Fig. 2h, j), suggesting that softening of the actin network through
enhanced actin turnover by cofilin**’ facilitates cell division-like
deformation. The maximum aspect ratio was increased by cofilin
(Supplementary Fig. 9, Movie S11). The addition of cofilin did not sig-
nificantly alter the minimum furrow radius (Fig. 2i). By contrast,
phalloidin impeded polar membrane expansion and shape changes,
likely due to stabilized and stiffened F-actin®® (Supplementary Fig. 9). A
high cofilin concentration ([Cofilin]/[Actin]=0.625) led to actin-
membrane tethering breakage and minor deformation (Supplemen-
tary Fig. 9). Conversely, branched F-actin nucleation via Arp2/3 with
His-VCA ([Arp2/3]=18 nM; [His-VCA]=1.5uM) decelerated furrowing
and increased the minimum furrow radius (Fig. 2h-j), indicating that
increased cortical F-actin branching stiffened the actin network® or a
branched F-actin architecture hindered myosin force generation®**,
The maximum aspect ratio was decreased by Arp2/3 with His-VCA
(Supplementary Fig. 10, Movie S12). We confirmed that the addition of
cofilin or Arp2/3 with His-VCA alters the F-actin organization inside the
liposomes (Supplementary Fig. 11). These results suggest that the
dynamics and the extent of furrowing can be tuned by F-actin turnover
and F-actin architecture.

Furrow curvature correlates with parallel F-actin alignment

F-actin organization within the furrow plays an important role in
contractile ring force generation'®*>**, Thus, we next examined F-actin
organization in the furrow of post-deformed liposomes with cell

division-like morphology. Notably, the maximum z-projection of
confocal slices below the furrow surface exhibited distinct F-actin
organization depending on furrow curvature (Fig. 3a). Mean furrow
curvature, k¢, was calculated by fitting a circle to three separate points
at each contour membrane position in the midplane (Methods) (Sup-
plementary Fig. 12). In the moderately deformed liposome with low
furrow curvature (k= — 0.013 um™), the F-actin network was ran-
domly oriented (Fig. 3a, left). By contrast, in the significantly deformed
liposome with high furrow curvature (ks = -0.058 pm™), the F-actin
network aligned parallel to the division plane, forming a contractile
ring-like organization within the furrow (Fig. 3a, right).

We quantified F-actin alignment within the furrow by an order
parameter parallel to the division plane (Fig. 3b). First, the local order
parameter was computed at each point, S,(x,y)= cos 26(x,y), where
6(x,y) is the local filament orientation relative to the division plane.
Thus, F-actin aligned parallel to the division plane yields S, =1, while
F-actin perpendicular to the division plane yields S, = — 1 (Fig. 3b). We
then calculated the mean order parameter (S), by averaging S,(x,y)
within the furrow. The liposome with low furrow curvature exhibited a
small mean order parameter ((5;)=0.29 and k¢= —0.013 pm™),
whereas the one with high furrow curvature exhibited larger values
({($,)=0.75 and k¢ = —0.058 pm™) (Fig. 3a, c). It is noteworthy that
F-actin orientation at the poles is perpendicular to the division plane
(Supplementary Fig. 13), reminiscent of a pattern observed during
mammalian cell division®*. Previous theoretical studies suggested
that this F-actin organization, parallel to the division plane at the
equator and perpendicular at the poles, results from the coupling
between cortical actin flow and filament orientation®*.

Cofilin ([Cofilin]/[Actin]=0.025) induced a higher order parameter
with higher curvature (Fig. 3d, left, and 3e, f), suggesting that softening
the actin network through enhanced actin turnover*”** may contribute
to significant deformation and F-actin reorganization. Conversely,
Arp2/3 with His-VCA ([Arp2/3] =18 nM; [His-VCA] = 1.5 uM) disrupted
F-actin alignment and reduced deformation (Fig. 3d, right, 3e, f), likely
due to enhanced elasticity’" and hindered contraction due to F-actin
branching®-. Notably, the order parameter negatively correlated with
furrow curvature, indicating that greater F-actin alignment parallel to
the division plane leads to more significant deformation (Fig. 3g).

Convergent cortical flow drives parallel F-actin alignment
While F-actin alignment is correlated with furrow curvature, it remains
unclear whether locally increased tension is driving the reorganization
of F-actin’, or if flow-alignment coupling is inducing parallel alignment
to the division plane', as observed in living cells. To address this, we
observed temporal dynamics of F-actin reorganization during fur-
rowing (Fig. 4a). First, light activation was performed once at the
liposome midplane (Fig. 4a, (i) z = R). Then, the focal plane shifted to
the bottom surface (Fig. 44, (ii) z= 0), and kept focusing on the furrow
surface (i.e., on the same focal plane as the membrane) (Fig. 4a, (iii)
Z=Zg,mow)- This protocol ensures the initial conditions are the same as
the prior experimental setup of light activation, where we continually
activate and focus on the midplane of the liposome. Before light
activation, the F-actin network exhibited random orientation (Fig. 4b),
while post-deformed liposomes exhibited parallel alignment to the
division plane (Fig. 4c). Notably, after light activation, the F-actin net-
work transitioned from random to parallel alignment, forming a con-
tractile ring-like organization within the furrow over time (Fig. 4d,
Movie S13-S15). PIV analysis showed convergent flow towards the
furrow (Fig. 4e). Consequently, the mean order parameter increased
over time, accompanied by larger negative strain, indicating greater
compression (Fig. 4f). The maximum increase in the order parameter
(S max = (Si)min) Strongly correlated with total strain (—€o(£enq))
(Fig. 4g). These results suggest that convergent cortical flow-induced
compression drives F-actin alignment parallel to the division plane.
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Fig. 3 | F-actin alignment parallel to the division plane correlates with furrow
curvature. a Snapshots showing the z-projection of confocal z-stacks below the
furrow surface of post-deformed liposomes with the low (left), moderate (center),
and high (right) furrow curvature. Furrow curvature k¢ was calculated from mid-
plane images. b Schematic showing the definition of the orientation order para-
meter parallel to the division plane. The local order parameter S;(x, ) is calculated
from the neighboring four orientation directors, which takes 1 for parallel and -1 for
perpendicular to the division plane. Mean order parameter (S, ) was calculated by
averaging S, (x,y) for all points within the image. ¢ Snapshots showing the actin
fluorescence image within the furrow (top) and corresponding S, (x, y) (bottom).
d Snapshots showing the z-projection of confocal z-stacks below the furrow surface
of post-deformed liposomes with cofilin (left) or Arp2/3 with His-VCA (right). The
actin organization at the furrow and §;,(x, y) are shown below. e Boxplot showing

Furrow curvature, k¢ (um™)

furrow curvature (n =43 liposomes and N =16 independent experiments in control;
n=28 and N=5 in cofilin; n=16 and N =6 in Arp2/3). f Boxplot showing the mean
order parameter (n =43 liposomes and N =16 independent experiments in control;
n=28and N=5in cofilin; n=16 and N = 6 in Arp2/3). g Scatter plot of furrow radius
vs. mean order parameter (n =43 liposomes and N = 16 independent experiments in
control; n=28 and N=5 in cofilin; n=16 and N= 6 in Arp2/3). The dashed lines are
linear fitting to individual data. Cofilin, Arp2/3, and His-VCA were used at 0.15uM,
18 nM, and 1.5 uM, respectively. Data are presented as boxplots where the inter-
quartile range (IQR) is between Q1 (25th percentile) and Q3 (75th percentile), the
center line indicates the median, whiskers are extended to Q3 + 1.5 xIQR and
Q1- 15 xIQR (e, f); *p < 0.05; *p < 0.01; **p < 0.001 in a two-sided Wilcoxon
rank sum test (e, f) or a two-sided Pearson’s linear correlation coefficient (g). n.s.,
not significant. Scale bars, 10 pm. Source data are provided as a Source Data file.
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Fig. 4 | Convergent cortical actin flow aligns F-actin parallel to the

division plane. a Schematic showing the light activation protocol to track F-actin
reorganization dynamics. Light activation was performed once at the midplane (i),
then focused on the bottom surface (ii), and kept tracking the F-actin organization
at the furrow surface (iii). b F-actin organization at the bottom surface of the
liposome and corresponding order parameter before light activation. ¢ F-actin
organization at the furrow after deformation has ended. The dashed yellow rec-
tangle is the region cropped in (d). d Time-lapse images showing the F-actin
organization at the furrow (top), corresponding orientation field (middle) and
order parameter (bottom) calculated within the dashed yellow rectangle. e PIV

Total strain, —€y (tend)

within the yellow rectangle in (d). Arrows show the total displacement, u, over
5min, with vector magnitudes normalized by the maximum (left). The colormap
represents local strain fields (right). f Mean order parameter and cumulative strain
over time within the yellow rectangle in (d). g Scatter plot showing total strain vs.
maximum increase of the mean order parameter (S)  — (S, ). calculated
within the furrow (n =26 liposomes and N=16 independent experiments). The
dashed line is a linear fitting. Inset shows the mean order parameter and cumulative
strain over time used for the scatter plot. Data are presented as mean = SD (g).
***p <0.001 in a two-sided Pearson’s linear correlation coefficient (g). Scale bars, 10
pm. Source data are provided as a Source Data file.

F-actin bending leads to parallel F-actin alignment

When the F-actin network was initially aligned perpendicular to the
division plane before light activation, the first light activation failed to
induce furrowing (Fig. 5a). However, multiple light activations led to
F-actin alignment parallel to the division plane through F-actin bending
(Fig. 5b-d, Movie S16). F-actin bending occurs in the cortical flow
beneath the membrane, as evidenced by multichannel confocal
microscope images, where we visualized the F-actin bending and flows

in the same focal plane of the membrane surface (Movies S13-S16).
This indicates that, besides the conventional nematic interaction
between short rod-like F-actin'®** (Fig. Se, (i), the bending of long
F-actin could be an additional mechanical pathway for aligning F-actin
parallel to the division plane (Fig. Se, (ii)). These results explain why
multiple light activations were needed to induce significant membrane
deformation: a certain level of myosin-induced stress is required to
overcome the mechanical energy barrier for F-actin reorganization.

Nature Communications | (2024)15:9731


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53228-y

a Before 1st activation

Order parameter

After 1t activation End poin

Membrane

d 1st 2nd 3rd
VActivation points v v

0.6 1 1

1 1

:Bending :

03 % !

)gz 1

Horizontal

Vertical

M

N

////4-\\
B
A

X

\\\
Forees
741

)

k=]
2
=
c
kel
=
©
8
c
2
=
o

7
7
!
4
/
!

S

INNE
SR

(LS \&%\3

Mean order parameter, (S

\

</

W

=
NN 0 2 4 6 8
—-—/«_Q\ AR N
— \ll\:v\é/\k“ Time (min)

NN

X
N

/)

7
/
)
4

7
I/

[ e N NN
e S e P B

IR

Alignment Mechanisms at the Furrow

e\
7N

)

Order parameter, Sii

Fig. 5 | Flow-induced F-actin bending leads to F-actin alignment parallel to the
division plane. a F-actin organization at the bottom surface of the liposome (left)
and corresponding order parameter (right) before the 1st light activation. b Time-
lapse images showing F-actin organization at the furrow surface of the liposome in
(a) after the 1st right activation (actin and membrane channel), and the end point of
division (overlay). The dashed yellow rectangle is the region cropped in (c). ¢ Time-
lapse images showing the F-actin organization at the furrow (top), corresponding
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orientation field (middle), and order parameter (bottom) calculated within the
dashed yellow rectangle in (b). d Mean order parameter over time calculated from
(c). e Schematic summarizing the F-actin alignment mechanisms within the furrow.
The alignment is enforced by the compressive actin flow towards the furrow, where
short F-actin aligns via nematic interaction between filaments, while long F-actin
aligns through bending. Scale bars, 10 um. Source data are provided as a Source
Data file.

Mechanical power is maximized during elongation

To understand how mechanical energy is utilized during division, we
employed a simplified scaling model considering the balance between
furrow contractility and pole tension*®*"=%, For simplicity, a deforming
liposome is approximated as two merged spheres (Fig. 6a). We ana-
lyzed liposomes under global activation with pole relaxation since this
model better describes global contractility*®. The total myosin-
generated force was estimated as Fpyo ~ fryoPmyoVod, Where
Smyo=34 pN is the force per single skeletal muscle myosin 11,
Pmyo =160 nM is the myosin concentration, V= (4/3)mR? is the initial
liposome volume with a radius Ry, d = 0.05 is the unloaded duty ratio
of skeletal muscle myosin 11°. Forces acting on the furrow and poles
were estimated based on scaling to the geometric parameters. Pole
tension was expressed as T, ~ Fp.,/(2Ry). Furrow contractility
depended on the furrow radius R; due to increasing myosin density
as the furrow deepens. This effect was approximated as
Pmyo(Re) ~ Prmyo(Ro /Rf)z, assuming myosin density is proportional to
the furrow cross-sectional area due to actomyosin contraction within
the liposome. We confirmed that the alternative form of myosin

density dependence (o, (Re) ~ Ry 3y, accounting for the contribution
of an actin flow-mediated increase in myosin density, does not alter the
following results (Supplementary Note 1, Supplementary Fig. 14).
Furrowing force F(R¢) was determined by the balance between forces
acting on the furrow and poles, given by F¢(R¢) ~ Fiyo (Re) — Finyor
where meo (Rf) =fmyopmyo(Rf) Vod.

The total mechanical energy (£ ) required for division comprises
equatorial (E¢,) and polar (E,,,) contributions. At the equator, the
furrowing force F¢(Ry) reduces the circumference of the furrow 2Ry,
while polar tension T, tends to reduce the surface area at the poles,
A= 4nR§(l + cos 0), where R, is the pole radius* (Fig. 6a). Thus, E,, is
written as E, =Eeq + Epore, Where Eqq ~ 2R Fe(Re) and Epgpe ~ ApT .
We estimated the mechanical energy using geometric parameters
extracted from membrane fluorescence images of deforming lipo-
somes (Methods) (Fig. 6b,c). The total mechanical energy change,
AE, (t) = E,:(t) — E(:(0), increased over time as division proceeded
until it reached a maximum, marking the end of division (Time ~150s,
AE™™ ~ 1.0x1077 J) (Fig. 6d). The mechanical energy at the poles
reached a plateau at ~60s (AE™® ~2.0x1071° J), reflecting the

pole
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endpoint of pole elongation, while the equatorial mechanical energy
kept increasing due to furrowing (AE* ~ 8.0 x107° J). Notably, the
total mechanical power, P, =dE,/dt, reached a maximum at -60 s
(P™> ~. 9.0 x107*? J s") (Fig. 6€). Simultaneously, the pole mechanical
power (P) started decreasing at -60's, corresponding to the time
point at which elongation finishes and furrowing begins. The
mechanical energy landscape at equilibrium verified that the balance
of contractile forces at the furrow and poles, varied under different
light-activation modes, determines the final stable shape, as described
in the previous study*® (Supplementary Fig. 15). It should be noted that
while the actomyosin network contracts toward the center, it is not

entirely depleted, as seen in the image with higher fluorescence
intensity contrast; the actin network remains beneath the membrane
in the polar regions (Supplementary Fig. 13).

To clarify the energy allocation between the equator and poles,
we shifted the time axis by the time ¢pm« at which mechanical power
reaches its maximum, Pe*, which was normalized as P/Ppex (Fig. 6f).
This rescaling reduces variability among liposomes due to differences
in time at reaching Pg. and its magnitude. Notably, the total
mechanical power increased until Pg2*, marking the end of the elon-
gation at which pole mechanical power began decreasing (Fig. 6f). This

suggests that elongation is energetically the most costly process
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Fig. 6 | Mechanical power of cell division-like deformation is maximized during
elongation. a Schematic showing the geometric parameters of a deforming lipo-
some. The deforming liposome is approximated as two merged spheres.

b Snapshots showing the initial and final frames of the deforming liposome. ¢ The
contour shape of the liposome extracted at each frame. Time is color-coded.

d Mechanical energy of division-like deformation over time (n =14 liposomes and
N =7 independent experiments). e Mechanical power calculated from (d) over time
(n=14 liposomes and N =7 independent experiments). f Normalized power over
shifted time. The individual time course for each liposome was normalized by the
maximum power, PioeX, and the time is shifted by the time point, tpmx, at which the
power reaches its maximum (n = 14 liposomes and N = 7 independent experiments).
g Schematic showing the NADH-coupled assay used for myosin ATP hydrolysis rate
measurements. First, ATP is regenerated from ADP with the conversion of PEP into

pyruvate (pyr.) by PK. Then, NADH is oxidized to NAD" with the conversion of
pyruvate into lactate (lac.). The decay in NADH fluorescence mirrors the amount of
ATP consumed. h Time-lapse images showing a deforming liposome with NADH
fluorescence decay. i NADH fluorescence over time normalized by its initial value
(n=16 liposomes and N =5 independent experiments in NADH only, n=20 and
N=3in actin only; n=15 and N=7 in dividing). j Total mechanical energy gain
(AE,,;) and total free energy input (4G,1p) due to myosin ATP hydrolysis over time
(n=15 and N=7). k Total mechanical power (P,,) and free energy input rate
(dGpqp/dt) calculated from (j) over time (n =15 liposomes and N =7 independent
experiments). I The fraction of energy gain (f,,) and energy loss (1,5) calculated
from (k) (n =15 liposomes and N = 7 independent experiments). Data are presented
as mean + SD (d-f, i-1). Scale bars, 10 um. Source data are provided as a Source
Data file.

during division, driven by both equatorial contraction and pole
expansion, followed by a decrease in total energy cost during fur-
rowing. Therefore, the mechanical energy expended in cell division-
like deformation is maximized during contractile ring formation and
shape elongation before furrowing.

Total free energy input is efficiently utilized for elongation

We have shown that mechanical power peaks during liposome elon-
gation. However, it remains unknown how much of the free energy
input derived from adenosine-triphosphate (ATP) hydrolysis by myo-
sin is converted into mechanical power or dissipated, determining the
mechanical efficiency of division. To address this, we employed the
nicotinamide adenine dinucleotide (NADH)-coupled assay to measure
myosin ATP hydrolysis rate during division®** (Methods) (Fig. 6g). In
this assay, ATP hydrolysis produces adenosine-diphosphate (ADP),
which is regenerated to ATP, yielding pyruvate. Pyruvate is oxidized
with NADH to form lactate and NAD’. Since NADH fluorescence is
excited at 340 nm while NAD" is not, we can quantify myosin ATP
hydrolysis rate by measuring the rate of NADH fluorescence decay®
(Methods) (Fig. 6h, i, Supplementary Fig. 16). We confirmed that NADH
fluorescence decay was not due to leaking or bleaching (Supplemen-
tary Fig. 17). The measured ATP hydrolysis rate mainly originated from
myosin since that of actin was significantly smaller in the present
condition (Fig. 6i and Supplementary Fig. 18). Thus, the NADH fluor-
escence decay rate reflects the myosin ATP hydrolysis rate, which
indicates motor activity, as ATP hydrolysis drives the movement of the
myosin motor head. The ATP hydrolysis rate of deforming liposomes
was comparable to that without deformation ([His-actinin]=0 nM),
while lower than previous estimates in water-in-oil droplets®, likely
due to residual influence from inactivated Blebbistatin (Supplemen-
tary Fig. 18, Movie S17-S23).

Upon global light-activation with pole relaxation, liposomes
initiated division, accompanied by declining NADH fluorescence over
time (Fig. 6h, i, Movie S17-S19). Note that the ATP hydrolysis rate
measurement is restricted for global activation with pole relaxation
since 340 nm light inactivates Blebbistatin**. The total hydrolyzed ATP
(in uM) was converted to free energy (AG,rp in J) using the initial
liposome volume V, and the free energy released from ATP hydrolysis
under physiological conditions, ~50-70 k] mol™ %>, Both total free
energy input (4G,7p) and total mechanical energy (AE,) increased
over time (Fig. 6j). The free energy input per unit time remained
relatively constant throughout division (dGygp/dt ~2.2x107" J s7)
(Fig. 6k). Consequently, the efficiency of mechanical energy gain, g,
defined as the ratio of mechanical power to free energy input rate,
Ngain = Pt/ (dGarp/dt), mirrored the time course of mechanical power
(Fig. 6l). Notably, the efficiency of mechanical energy gain (174,,) and
10SS, Mjoss =1 — fg,in, €xhibited biphasic time evolution. During the
elongation, more energy input was utilized as mechanical power,
increasing energy gain from 7y, ~ 0.45 t0 14, ~ 0.7, followed by a
decrease in energy gain during the furrowing. These results suggest

that cell division-like deformation is a combination of energy accu-
mulation and relaxation processes: the early elongation, forming the
contractile ring, is energetically costly but dissipates less energy, while
the subsequent furrowing requires less mechanical power, leading to
greater dissipation.

Discussion

While cell division has been extensively studied regarding intracellular
signaling®", less is known about its mechanical aspects™"®°, such as
how contractility patterning leads to successful division through
actomyosin flows and F-actin reorganization. We isolated the
mechanical contribution of actomyosin using an in vitro cell model to
explore how contractility patterning regulates membrane deformation
during division. Some previous in vitro studies have observed con-
tractile ring-like structures in water-in-oil droplets and GUVs*>**%’, In
these cases, the actin ring is pre-assembled or polymerized without the
presence of actomyosin flows. Such an actin ring is relevant to fission
yeast division, where a ring forms ‘de novo’ via F-actin polymerization
at the equator®®®’, By contrast, animal cells do not form an indepen-
dent equatorial ring during division. Instead, a continuous actomyosin
network accumulates within the furrow, often referred to as a ‘ring’,
and maintains cell shape stability through force balance with the
actomyosin network at the poles®'®**. In this context, our study
examines the dynamic formation of a contractile ring through imbal-
ances in forces and flows emerging from an initially uniform acto-
myosin network, which is relevant to animal cell division.

By combining a light-activatable actomyosin contraction system
in GUVs, developed in our recent study*°, with spatio-temporal light
patterning, we enabled a quantitative analysis of division-like mem-
brane deformation dynamics coupled with actomyosin flows. This
system establishes a clear causal link between myosin-induced stresses
and membrane deformations, marking a significant advancement over
previous studies on contraction-induced shape changes in GUVs® .
Earlier works lacked the precise spatio-temporal control of myosin
activity, making it difficult to quantitatively correlate myosin-induced
stresses with shape changes. Additionally, it was challenging to sepa-
rate the effects of myosin-induced stresses from other mechanical
factors, such as actin depolymerization-induced contraction’® and
actin polymerization-induced stress”, thereby limiting the clarity of
the results interpretation.

Our results showed that pole relaxation is essential for significant
membrane deformation, enhanced by local, rather than global, con-
tractility activation. Compressive actin flow aligned F-actin parallel to
the division plane via F-actin bending, forming a contractile ring-like
structure. It is noteworthy that ring-like F-actin organization coexists
with a disk-like structure in our system. Nevertheless, the F-actin net-
work at the furrow surface aligns parallel to the division plane, sup-
porting the existence of a ring-like F-actin structure surrounding the
periphery of the equatorial furrow. The mechanical power of division
was maximized during liposome elongation before furrowing. These
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findings highlight the importance of contractility patterning and
mechanical energy allocation between the equator and poles, provid-
ing insights into cell division mechanics.

Contractility patterning in cell division involves RhoA signaling
pathways®®. However, whether local RhoA activation is necessary for
division®”? or if global activation is sufficient may depend on cell
types'®?°. For instance, HeLa cells require RhoA, while RhoA activity is
suppressed during RatlA cell division”, relying on equatorial collapse
through Arp2/3 inactivation”. Thus, the minimal mechanical condi-
tions that enable cell division-like shape change remain unknown. Our
results demonstrated that pole relaxation drives division-like defor-
mation regardless of contractility pattern. In cells, reducing cortical
stiffness at poles via local mDial inhibition is necessary for division®™ or
optogenetic myosin inactivation at poles accelerates division, con-
sistent with our findings'®. Thus, our study provides mechanical
insights that the relaxation of cortex tension at the poles sufficiently
induces significant membrane deformation akin to cell division.

Global contractility activation via constitutively active RhoA
destabilizes cell shape, causing cytokinesis failure’, while global RhoA
activation using optogenetics leads to shallower furrow compared to
local equatorial activation”. Our results showed that global con-
tractility tends to cause asymmetric division or polarization, whereas
local activation results in symmetric, faster, and deeper furrowing,
consistent with cellular observations that polar contractility destabi-
lizes division symmetry”. Thus, local contractility activation is more
effective than global activation in inducing symmetric cell division-like
deformation. Interestingly, asymmetric division is preferred in certain
cell types for polarization, such as neuroblasts of C. elegans and
Drosophila®*, where global activation would be beneficial. Thus, we
suggest that contractility patterning may primarily determine cell
shape stability and resulting functions, such as polarized morphology
during development and cell migration, or symmetric shape changes
during cell division.

Actin-associated proteins crucial for cell division include those
affecting furrowing speed, such as actin crosslinking and turnover'’®,
Increased a-actinin concentration slows cytokinesis of NRK cells”’,
aligning with our findings, likely due to stiffened actomyosin networks
with higher viscoelastic resistance*. Cofilin depletion causes cytoki-
netic failure’® and a thicker cortex in mitotic HeLa cells”®, while its
mechanical roles remained controversial’®. Our results showed that
cofilin can accelerate furrowing, suggesting that softened networks
with enhanced turnover facilitates contraction*’*®. These findings
provide mechanical insights into furrowing speed regulation in cells.

During division, Racl, which activates Arp2/3, is suppressed at the
equator®, Expressing a dominant-negative MgcRacGAP mutant, which
prevents equatorial Racl suppression, decelerates furrowing in HelLa
and RatlA cells”. Similarly, cells with constitutively active WASp
mutants (an Arp2/3 activator) exhibit slower furrowing®. We observed
that Arp2/3 with His-VCA decelerate furrowing, indicating that the
Arp2/3-nucleated branched network may inhibit myosin force
generation®°>%*, Qur results suggest that F-actin architecture may be
optimized in cells for prompt division.

The role of F-actin organization in contractile ring force genera-
tion has been extensively studied. Actomyosin flow towards the
equator aligns F-actin parallel to the division plane™, as observed in C.
elegans zygote'°, which may originate from nematic interactions
between short F-actin filaments. We suggest that F-actin bending
induced by compressive cortical actin flow also contributes to F-actin
alignment. Given that mDial-mediated F-actin polymerization dom-
inates during cell division**%, such bending-induced alignment could
potentially occur in cells. Observing this dynamic process in living cells
is challenging due to current imaging limitations, as super-resolution
imaging like structured illumination microscopy (SIM) are performed
on fixed cells®*®, and polarization microscopy is limited for indirect
measurement of F-actin orientation’. Thus, the dynamic F-actin

reorganization process during contractile ring formation has been
overlooked. Since our in vitro model of dividing cells allows visuali-
zation of F-actin reorganization dynamics, it will offer insights into the
process of contractile ring formation.

The balance between equatorial and polar contractility is crucial
for cell division”*****", but the underlying mechanics are not well
understood. We found that mechanical power is maximized during
elongation, while the furrowing expended less power, exhibiting a
biphasic behavior. Furthermore, cellular energetics, particularly uti-
lizing ATP*, is vital for understanding cell state transitions including
division. Although the total amount of ATP or ATP synthesis rate
decreases during cell division®**¢, overlapping cellular processes, such
as protein synthesis, obscure the origin of energy changes. Combining
in vitro reconstitution and myosin ATP hydrolysis rate measurement,
we demonstrated that cell division-like deformation is a biphasic
process: efficient energy gain during contractile ring formation and
shape elongation, followed by energetically inefficient furrowing with
greater dissipation. These findings provide important mechanical and
energetic insights into cell division.

It isimportant to clarify several assumptions and limitations in our
mechanical power estimates. First, while myosin is known for its load-
dependent behavior, we used an unloaded myosin duty ratio and
force, which could potentially increase the net myosin-induced stress
during membrane shape changes®. However, the use of the unloaded
myosin duty ratio is validated by our observations (Supplementary
Fig. 5): in the hypo-osmotic buffer, where no deformation occurs due
to increased membrane tension, myosin is stalled and highly loaded.
Conversely, in the hyper-osmotic buffer, deformation occurs with a
deflated membrane, indicating that myosin is not stalled and remains
unloaded during this process. Additionally, we noted that Blebbistatin
slows down ATP consumption compared to our previous work®,
suggesting that not all myosin is activated due to incomplete Bleb-
bistatin inactivation. As a result, there may be a lower effective myosin
concentration due to this incomplete inactivation. Therefore, our
mechanical power estimates represent an upper bound.

It is worth mentioning about the role of osmotic pressure during
division-like shape changes. Our findings indicate that membrane
deformation is limited under hypo-osmotic condition due to increased
membrane tension, suggesting that osmotic pressure constrains lipo-
some deformation toward the end of division (Supplementary Fig. 5).
In living cells, osmotic pressure is a major counteracting force to
actomyosin contraction during cell rounding®®, playing an important
role in generating more blebs to maintain symmetric division®’.
Notably, the role of pressure-mediated stabilization in cell division
symmetry, particularly through polar blebs acting as pressure bulbs to
release cortical tension, has been demonstrated in dividing cells”.
Thus, studying the role of osmotic pressure and membrane channels in
actomyosin-driven liposome shape changes presents an interesting
avenue for future research.

We note that the geometry of dividing liposomes in our study
differs from that in the previous theoretical study of cell division due
to the presence of a volumetric network*®, but we believe that the
direction of contractility at the furrow, the mechanism of force balance
between the equator and poles, and the scaling form of the mechanical
energies are approximately applicable. It is important to note that our
goal is to provide an approximate, scaling-based estimate of
mechanical work, rather than a detailed description of the combined
deformation mechanics of the membrane and actomyosin cortex,
including the influence of volume and surface area. More detailed
descriptions will be pursued through quantitative theoretical models
and numerical simulations, incorporating complex curved 3D geo-
metries with nematic alignment’ and volumetric contributions such
as bulk elasticity and osmotic pressure’. We hope our study serves as a
starting point for a more detailed exploration of cell division
mechanics through theory and in vitro reconstitutions.
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Several factors may limit furrow depth in our system. For exam-
ple, F-actin breakage or detachment from the membrane can reduce
force transmission. Given a critical F-actin breakage force of
~200-400 pN?? and stress generated by myosin thick filaments (-1 pm
with -235 motors®) of ~40-230 pN considering load-dependence® %%,
stress relaxation due to F-actin breakage could reduce net force
applied to the membrane and limit furrow depth®. Some contractile
networks appear to not span the entire furrow, which may be due to
actin network breakage or crosslinker unbinding during contraction.
This breakage or crosslinker unbinding could potentially lead to the
relaxation of accumulated stress*>”¢, resulting in less significant fur-
rowing. Completion of furrowing might be achieved by fully localizing
the actomyosin network beneath the membrane in future studies®®**’,
using membrane-associated proteins septin®® and anillin® to mimic
cellular actin cortex and cytokinetic rings", enhancing contractility
transmission. Additionally, non-muscle myosin 1IA (NMIIA)'*° could
produce greater forces and exhibit more significant load-dependent
behavior compared to skeletal muscle myosin'’®*, which may be
important during cell division where cortical stiffness increases 10-
fold'*>. Despite these limitations, our experimental system serves as a
robust platform for studying the relationship between cytoskele-
tal force generation and membrane deformation, contributing to our
understanding of cell morphodynamics.

Methods

Lipid composition

Giant unilamellar vesicles (GUVs, liposome) are formed with a combi-
nation of L-a-phosphatidylcholine from egg yolk (EPC) at 90% (840051;
Avanti), 1, 2-dioleoyl-sn-glycero-3-[n(5-amino-1-carboxypentyl) iminodia-
cetic acidsuccinyl nickel salt at 8% (18:1 DGS-NTA(Ni)) (790404; Avanti), 1,
2-distesaroyl-sn-glycero-3-phosphoethanolamine-N-[methox-
y(polyethylene glycol)-2000] at 1% (18:0 PEG2000 PE) (880120; Avanti)
to reduce non-specific adhesion of proteins to the membrane*®, and 1,
2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[(dipyrromethene-
boron difluoride)butanoyl] (18:1 TopFluor® PE) (810282; Avanti) imaged
by a 488 nm laser for global activation, and 1, 2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(Cyanine 5) (18:1 Cy5 PE) imaged by a 640 nm
laser for local activation (810335; Avanti) at 1% to avoid light activation of
myosin during membrane imaging.

Buffer composition

Buffers were prepared by following the method described in previous
studies®****'®>, The inner actin polymerization (IP) buffer contains
50 mM KCl, 2 mM CacCl,, 5mM MgCl,, 10 mM HEPES (pH 7.6), 0.8 mM
DTT, 5mM ATP, 50 mg ml™ dextran, 175 mM sucrose. Myosin was kept
inactivated by adding 68 uM Blebbistatin (B0560; Sigma-Aldrich)*** in
the buffers. ATP is regenerated through pyruvate kinase (PK) and
phosphoenolpyruvate (PEP)-based ATP regeneration system used at
1mM PEP (10108294001; Roche) and 10 U mL! PK (P9136; Sigma-
Aldrich). The outer buffer (OB) contains 0.2 mM CaCl,, 0.2 mM MgCl,,
10mM HEPES (pH 7.6), 6 mM DTT, 2mM ATP, 380 mM glucose,
0.02 mg ml” caseins. The osmolarity of the OB is adjusted with glucose
such that the osmotic pressure in the outer buffer is ~40 mOsm/kg
larger than the inner buffer measured by an automatic osmometer
(5004 Micro-Osmette; Precision Systems, Inc). The outer buffer is
approximately 355 mOsm/kg and the liposome is in a slightly deflated
condition to allow membrane deformation. A hypo-osmotic buffer
(osmotic pressure in the outer buffer is ~40 mOsm/kg lower than in the
inner buffer) did not cause notable membrane deformation (Supple-
mentary Fig. 5). The storage buffer for actin (G-buffer) contains 2 mM
Tris-HCI (pH 8.0) and 0.1 mM CaCl,, 0.2 mM ATP, and 0.5 mM DTT, and
22 uM actin. The myosin storage (MS) buffer contains 4.5 M KCl, 0.1M
HEPES (pH 7.0), and 21 uM myosin. The spin-down (SD) buffer contains
0.01 mg mI™ phalloidin, 13 uM actin, 4.2 uM myosin (in MS), 460 mM
KCl, 2mM CaCl,, 5mM MgCl,, 10 mM HEPES (pH7.6), 0.8 mM DTT,

5mM ATP. The storage buffer for NADH and PEP contains 100 mM
NaHCOs, and 14 mM NADH or 48.5 mM PEP, respectively. The storage
buffer for PK and LDH contains 10 mM HEPES (pH 7.4), 100 mM KClI,
and 2 KUmL™PK or 2.6 KU mL™ LDH, respectively. All the regents were
purchased from Sigma-Aldrich. The specific concentration of ATP in IP
buffer has been optimized for actomyosin contraction in our assay, as
developed in previous studies’®®, It is noteworthy that we bench-
marked the mechanical power of actomyosin contraction and found it
was slightly decreased under lower concentrations at 1 mM ATP in our
previous study®. It should be noted that the ATP regeneration system
maintains the ATP concentration constant, so that the absolute
amount of ATP is not crucial for the regeneration system to work.

GUVs preparation

Actomyosin-encapsulated GUVs were prepared using the method
described in previous studies?****>*, All lipids were stored in chloro-
form at -20 °C. For preparation, the desired lipids were combined in a
glass vial and dried under a stream of Argon gas to remove the solvent.
The dried lipids were then dissolved in mineral oil (M5904; Sigma-
Aldrich) at 2 mgml™. This lipid-oil mixture was sonicated in a bath
sonicator for 2 h at room temperature. The mixture was then cooled to
room temperature and stored at 4 °C up to a week. Next, the protein
mixture was prepared as the inner phase on ice before starting GUV
production. First, a solution of 22 uM monomeric actin containing 10%
of labeled rhodamine-actin conjugate is obtained by incubating the
actin solution in G-Buffer overnight at 4 °C. Myosin was centrifuged in
the presence of polymerized actin in SD buffer to isolate the catalyti-
cally active myosin dimers before use®. Briefly, actin is polymerized for
1hat4°CinSD buffer. The actin network was spiked with ATP to 1 mM,
and myosin in MS buffer was added. The actin-myosin mix was then
centrifuged at 4 °C for 30 min at 128360 g and the supernatant was
collected. The proteins were combined in the IP buffer at the con-
centrations of 6 uM actin, 160 nM myosin, 300 nM His-mDial, 70 nM
His-actinin, 3 uM profilin. Proteins were freshly thawed from -80 °C
fridge before use. For the ATP hydrolysis rate measurement, the
NADH-coupled assay was combined with protein mix at the con-
centrations of 0.67 mM NADH, 1.4 mM PEP, 20 U mL™ PK, and 32U
mL™ LDH. To form the GUVs, in a 0.65 mL tubes (07200185; Corning
Costar), 70 pL of lipid-oil mixture was added for emulsification. Then
7 uL of the protein mix was added to the lipid-oil mixture. This mixture
was then syringed in a glass syringe (Hamilton) 2 to 3 times to produce
emulsion. Separately, in a low absorption 0.65mL tube, 30 uL of
mineral oil was added to the top of 30 uL of outer buffer (OB). Then,
the 60 uL of emulsion was added to the top of the mineral oil layer in
the tube. This mixture was then centrifuged at 100 g for 15 min at 4 °C
to produce GUVs. In the meantime, the 150 uL of OB was injected to
coverslips. After the centrifugation, all the upper oil layer was gently
aspirated, and approximately 30 uL of the bottom liposomes were then
aspirated. The liposomes were gently injected into OB. F-actin poly-
merization was allowed for ~10 min at R.T. (-25°C) after preparing
liposomes. Thereafter, myosin was light-activated, and the dynamics of
membrane deformation were recorded by timelapse images with 6 s
intervals using Andor iQ software. Liposomes were imaged by Leica
DMi8 inverted microscope equipped with a spinning disk confocal and
a 63 x1.4-NA oil immersion lens (Leica Microsystems).

NADH-coupled assay

Nicotinamide adenine dinucleotide (NADH)-coupled assay consists of
pyruvate kinase (PK) and phosphoenolpyruvate (PEP)-based ATP
regeneration system, together with lactic dehydrogenase (LDH) that
oxidize NADH®®*, The final concentration of NADH (10128023001;
Roche) is 0.67 mM, PEP (10108294001; Roche) is 1.4 mM, PK (P9136;
Sigma-Aldrich) is 20 U mL™, and LDH (L1254; Sigma-Aldrich) is 32 U
mL™. To minimize the impact of NADH assay-related enzymatic sys-
tems on the conventional actin polymerization buffer, we selected an
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optimal NADH concentration as low as possible but having detectable
NADH signal for our measurements. Fluorescence intensity of NADH
within liposomes was analyzed using Fiji/ImageJ (NIH), Microsoft Excel,
and custom code written in MATLAB. The mean intensity within a
circle with a half-radius of a liposome was determined and subtracted
by the mean intensity of the background region. The photobleaching
was corrected using exponential fitting method'® for the liposomes
encapsulating NADH without any proteins (Supplementary Fig. 17). To
relate the fluorescence intensity to the NADH concentration, calibra-
tion measurements were performed by adding known amounts of
NADH in water-in-oil emulsion droplets®* (Supplementary Fig. 16).
Because of the 1:1 stoichiometric ratio between ADP and NADH®, the
slope of the NADH fluorescence decay gives ATP hydrolysis rate.

Protein concentrations

The final concentration of non-fluorescent actin (AKL99-D; Cytoske-
leton Inc.) rhodamine-actin (ARO5-C; Cytoskeleton Inc.) and skeletal
muscle myosin Il (MY02; Cytoskeleton Inc.) were 5.3 uM, 0.7 uM, and
160 nM, respectively. His-mDial (Methods), His-a-actinin (ab207132;
abcam), profilin (PR0O2; Cytoskeleton Inc.) were used at 300 nM, 35-
280 nM, and 3 pM, respectively. Arp2/3 (RPO1P-B; Cytoskeleton Inc.)
and His-VCA (Methods) were used at 18-90 nM and 1.5uM, respec-
tively. Cofilin (CFO1; Cytoskeleton Inc.), Fascin (CS-FSCO1; Cytoskele-
ton Inc.), and gelsolin (HPG6; Cytoskeleton Inc.) were used at 0.15-
3.75uM, 400 nM, 50 nM, respectively.

Protein purification

His-tagged purified proteins were prepared by following the method
described in a previous study. Briefly, SNAP tagged mDial(FHIC)
containing a carboxy-terminal His(6x)-tag was expressed in E.coli
(BL21-Codon Plus (DE3)-RP strain). The cells were induced with 500 uM
IPTG at 16 °C and purified using Talon® metal affinity resin by following
the manufacturer’s instructions. The mammalian SNAP-mDial (FH1C)-
HIS plasmid was a gift from David Kovar lab. N-WASP fragment WWA
(aa400-501, also called VCA) containing a carboxy-terminal His(6x)-
tag was expressed in E.coli (BL21-Codon Plus (DE3)-RP strain). The cells
were induced with 1 mM IPTG for 2 h at 37 °C and purified using Ni-NTA
resin by following the manufacturer’s instructions, followed by
another purification using the size exclusion chromatography. The
pET17b KCK-ratWWA-6xHis plasmid was a gift from Cecile Sykes lab.

Fluorescent labeling of skeletal muscle myosin

Skeletal muscle myosin (rabbit, MY02; Cytoskeleton Inc.) is labeled
with Alexa Fluor 647 nm C2 Maleimide under reducing conditions,
following a previously described method®. Briefly, myosin is reduced
in labeling buffer (50 mM HEPES, 0.5M KCI, 1mM EDTA, 10 mM DTT,
pH 7.6) and then dialyzed overnight in a DTT-free labeling buffer. The
dialyzed myosin solution is centrifuged to remove insoluble matter,
and the supernatant is labeled with Alexa Fluor 647 nm C2 Maleimide,
added in a 5-fold molar excess relative to myosin. The labeling reaction
is performed for 1h at 4 °C and quenched by adding 1mM DTT. The
labeled myosin is collected using a desalting column (Pierce, 5K
MWCO, 5 mL). Optical absorbance is measured at 280 nm and 647 nm
to determine the concentration and degree of labeling.

Microscopy and data acquisition

Images were acquired by Leica DMi8 inverted microscope equipped
with a 63 x 1.4-NA oil immersion lens (Leica Microsystems), a spinning-
disk confocal (CSU22; Yokagawa), and sCMOS camera (Zyla; Andor
Technology) controlled by Andor iQ3 (Andor Technology). One pixel
measured 0.0938 um pix™. Images were recorded by timelapse with 6 s
intervals up to 3-10 min after focusing on the midplane of the lipo-
somes at room temperature (-25 °C). The NADH fluorescence was
imaged using a filter set consisting of 350 + 50 nm excitation filter,
415nm long-pass dichroic, and 460 + 50 nm emission filter (Leica).

lllumination from a mercury halide light source (11504120; Leica
EL6000 Metal Halide) was used to excite the NADH. The excitation
source was shuttered after every acquisition to minimize the
photobleaching.

Light activation experiments

The spinning disk confocal system equipped with a FRAPPA module
(Andor Technology) was used to perform local light activation and
rapidly switch the light back to collect images using the spinning disk*.
For global activation, exposure times were 300 ms for 488 nm laser
(10% power, 10 mW) for visualization of membrane and inactivation of
Blebbistatin, 300 ms for 561 nm laser (10% power, 7.5 mW) for visua-
lization of rhodamine-actin, and pole relaxation using high-power
FRAP 405 nm laser (10% power, 10 mW) with 20 us dwell time and 3
repeats within a square region with one side approximately 0.25 x 2R
pum (R, liposome radius). For local activation, exposure times were
300 ms for 640 nm laser (10% power, 7.5 mW) for visualization of
membrane, 300 ms for 561 nm laser (10% power, 7.5 mW) for visuali-
zation of rhodamine-actin, and local activation using 488 nm laser (1%
power, 0.5mW) with 20 ps dwell time and 5 repeats within a rectan-
gular region with shorter side approximately 0.20 x 2R um, and pole
relaxation using high-power FRAP 405 nm laser (10% power, 10 mW)
with 20 us dwell time and 3 repeats within a square region with one side
approximately 0.25 x 2R um. The laser intensities were set to acquire a
sufficient number of images and enough contrasts while keeping
photobleaching minimal.

GUV sizes used for analysis

The liposomes with radius R approximately ~20-40 um were analyzed
in this study. It should be noted that we displayed the size distribution
for liposomes used in each experiment and ensured that they were not
significantly different across various conditions used for comparison
(Supplementary Fig. 1, Supplementary Fig. 6, Supplementary Fig. 7,
Supplementary Fig. 9, Supplementary Fig. 10). Technically, the upper
limit of R-40 um is due to the limits of region of interest in our confocal
microscope with a 63x objective. On the other hand, due to the low
resolution of small liposomes in our confocal microscopy magnifica-
tion, it was difficult to locally break the cortex at the poles without
affecting internal actomyosin contractility, as the local light exposure
may influence the surrounding network. Therefore, we used larger
liposomes to avoid impacts outside the poles. It is worth noting that
for much smaller liposomes (e.g., R <10 um), significant shape changes
were not observed. This may be because the total stress per unit area
potentially changes with liposome size. Assuming the concentration of
myosin within liposomes of different radii is constant, smaller lipo-
somes experience less myosin-induced stress per unit surface area due
to their larger surface-to-volume ratio (S/V ~ 1/R). Consequently,
smaller liposomes could experience significantly smaller contractile
force per unit area of the membrane compared to larger ones. Thus, we
restricted our analysis to liposomes larger than R~20 um, where we
were able to observe significant division-like membrane deformation.
We ensured that the liposome size distribution used for analysis was
comparable across different conditions used for comparison. Never-
theless, our results suggest that the impacts of actin-associated pro-
teins and different light activation patterns on the extent of membrane
deformation outweigh the variability due to differences in liposome
size across different conditions.

Image analysis and data quantification

Particle Image Velocimetry (PIV) analysis. Quantitative image ana-
lysis on contracting actomyosin network was performed by using a
custom code written in MATLAB. We measure the displacement vec-
tors between individual frames at every spatial location u(r, ¢) using a
public domain Particle Image Velocimetry (PIV) program implemented
as a Fiji/lmageJ plugin. The first, second, and third PIV window size and
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search window size were set to 160 and 329, 100 and 200, 60 and 120
pixels, respectively. Correlation, noise, and threshold parameters were
set to 0.6, 0.20, and 5, respectively. PIV was performed between each
frame with 6 s intervals. Mean compressive strain € of the actin net-
work is calculated from the divergence of the cumulative displacement
field, &(t)= [ gdt’ Jdr[V-u(r,t)]/ [dr. The spatial integral is taken
over the negative divergence within a liposome to calculate the com-
pressive strain.

Nematic order parameter calculation. We measure the orientation
field of F-actin using a public domain program Orientation] imple-
mented as a Fiji/lmage) plugin. The image of the bottom surface of the
liposomes were used to calculate the orientation field. The local
nematic order parameter was computed from the director field around
the reference point, S=(cos 26), where (-) is the local average around
the reference point. The four surrounding points were averaged to
compute the local orientation order parameter. The mean nematic
order parameter, (S), is calculated by averaging all the local nematic
order parameter.

Contour analysis of the membrane deformation. The position of the
membrane was extracted from the image of the membrane channel
using a public domain program JFilament implemented as a Fiji/Image)
plugin. The extracted contour position of the membrane was imported
to MATLAB. The center-of-mass of the liposome, r,=N"'Zr;, was cal-
culated from the position of the membrane, r; = (x;,;),i=1---N. The
origin of the polar coordinate was then centered at the center-of-mass
of the liposome by subtracting the center-of-mass of the contour
position from each position of the membrane as r; — r.. To calculate
the aspect ratio of a liposome a,pna =Rmajor/Rminor» the major axis
length Ry, and minor axis length Ry, of a liposome was deter-
mined by fitting an ellipse to the contour position (Fig. 1i). The local
curvature of the membrane was determined by fitting a circle to the
three separated points around each membrane position by Pratt-
Newton method (Supplementary Fig. 12). The geometric parameters
were extracted from the contour position of the membrane for the
calculation of mechanical energy (Fig. 6). Briefly, the furrow radius R;
and Ry o Was directly extracted from the image through kymograph
analysis (Supplementary Fig. 8) and fitting an ellipse (Fig. 1i), respec-
tively. Thereafter, the pole radius R, and cos 6 was determined 11)% the
relationship R, = (R2 0. + RP)/(2Rzior)  and  cosO=(R2 — R?) /R,
using Ry and Ryior-

Particle Tracking Velocimetry (PTV) analysis. Particle-tracking ana-
lysis was performed by using the Fiji plugin ParticleTracker'® to
extract the position of the myosin spots (Supplementary Fig. 3). The
particle detection radius, cutoff, per/abs, link range, and displacement
were set to 15, 0.001, 0.5, 2, and 10, respectively. Dynamics was set to
Straight lines mode. The extracted particle positions were imported
into MATLAB for instantaneous velocity analysis.

Statistics & reproducibility

Statistical tests comparing distributions were done with the Wilcoxon
rank sum test. A two-sided Pearson’s correlation coefficient was used
to assess the relationship between two variables. All data displayed as a
single value with an error bar is quoting the mean +/- standard devia-
tion. Data are presented as boxplots where the interquartile range
(IQR) is between Q1 (25th percentile) and Q3 (75th percentile), the
center line indicates the median, whiskers are extended to Q3 +1.5 x
IQR and Q1-15xIQR. The symbols * **, and ** represent p <0.05,
0.01, and 0.001 respectively. The sample size was determined by
experimental feasibility and adjusted when it was deemed sufficient,
ensuring that sample statistics were not affected by changes in sample
size. Liposomes lacking actin fluorescence were excluded from the

analysis as their behavior should not be affected by actomyosin con-
tractility. Sample sizes (n) are indicated at the relevant locations in the
manuscript. Experiments were independently replicated at least two
times, and all replications were successful. Independent experiments
(N) are indicated at the relevant locations in the manuscript.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Raw data supporting the finding of this manuscript are available from
the corresponding authors upon request because of the large size of
the time lapse image data. The data generated in this study are pro-
vided in the Supplementary Information and Source Data file. Source
data are provided with this paper.

Code availability

Code supporting the findings of this manuscript are available from the
corresponding authors upon request. Fiji [https://imagej.net/software/
fiji/downloads] was used for basic image processing. Particle image
velocimetry (PIV) was performed in Fiji using a public domain plugin
[https://sites.google.com/site/qingzongtseng/piv#h.39ycjstbOwmn]'?.
Orientation analysis was performed in Fiji using a public domain plugin
[https://bigwww.epfl.ch/demo/orientation/]'*®. Particle tracking veloci-
metry (PTV) was performed using a public domain plugin [https://
sbalzarini-lab.org/?q=downloads/]'°>. MATLAB (R) version 2021b was
used for data analysis and graph production. A reporting summary for
this Article is available as a Supplementary Information file.
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