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The shape of cells is the outcome of the balance of inner forces produced by the acto-
myosin network and the resistive forces produced by cell adhesion to their environ-
ment. The specific contributions of contractile, anchoring and friction forces to network
deformation rate and orientation are difficult to disentangle in living cells where they
influence each other. Here, we reconstituted contractile actomyosin networks in vitro to
study specifically the role of the friction forces between the network and its anchoring
substrate. To modulate the magnitude and spatial distribution of friction forces, we used
glass or lipids surface micropatterning to control the initial shape of the network. We
adapted the concentration of Nucleating Promoting Factor on each surface to induce
the assembly of actin networks of similar densities and compare the deformation of the
network toward the centroid of the pattern shape upon myosin-induced contraction. We
found that actin network deformation was faster and more coordinated on lipid bilayers
than on glass, showing the resistance of friction to network contraction. To further study
the role of the spatial distribution of these friction forces, we designed heterogeneous
micropatterns made of glass and lipids. The deformation upon contraction was no longer
symmetric but biased toward the region of higher friction. Furthermore, we showed
that the pattern of friction could robustly drive network contraction and dominate the
contribution of asymmetric distributions of myosins. Therefore, we demonstrate that
during contraction, both the active and resistive forces are essential to direct the actin
network deformation.

cytoskeleton | contraction | friction | actin

Actin and myosins are found in all eukaryotes (1-3). Myosins cross-link actin filaments,
slide them along each other, and thus power large-scale network contraction (4, 5). The
regulation of actomyosin contraction controls cells” shape and the mechanical forces they
produce on their environment (6-8). In particular, the asymmetry of contraction directs
cell deformation and orient tissue morphogenesis (9). Network deformation results from
the balance between active contraction and passive resistance. The active contraction
depends on the architecture of the actin network and on the amount and spatial distri-
bution of myosins in the network (7, 10). The passive resistance is produced by network
anchorages and the friction forces (11, 12). The balance of these four contributions set
the rate and orientation of network deformation. Although numerous studies have focused
on the mechanism that orients active contraction, the directing role of passive resistance
has been much less studied. Can asymmetric friction direct a contractile network as a
lagging paddle can guide a canoe?

The architecture of the actin network is defined by filament length, density,
cross-linking, and their respective orientations. It can take the form of branched mesh-
work or bundles of filaments. Each of these modules has specific contractile properties
(13). In cells, their relative dispositions form structural patterns that direct cell defor-
mation and motion (14, 15). Structural anisotropies, such as local weakness induced
by local network disassembly, generate the propagation and oscillation of contractile
waves (16, 17), the maintenance of which directs the deformation and motion of poorly
adhesive cells (18-20). Similarly, local structural reinforcement, by network polymer-
ization in response to the optoactivation of Rac, for example, directs cell deformation
in the opposite direction (21, 22).

The spatial distribution of myosins depends on their recruitment on actin filaments and
activation by signaling pathways (23, 24). Their subcellular distributions generate patterns
of contraction, asymmetric cell deformation, and migration (25-27). Reconstituted systems
were used to show that spatial patterns of myosin activation determine the shape and bound-
aries of the contracting region of the network (10). In adherent cells, the actin retrograde
flow accumulates myosins at the rear of the lamella where they form a subcellular pattern
of contractile bundles propelling cells (20, 28-30) and neuronal growth cones (31). In pootly
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adhesive cells, a global increase of cell contraction triggers a wave
that concentrates myosin in the back and propels cell motion for-
ward (32, 33). Reversal of this contraction pattern is necessary when
immune cells reverse their polarity to process the antigens they
encounter in the front (34). Subcellular activation patterns of myo-
sins could also be induced with optogenetic tool to induce local
contraction and asymmetric deformation contributing to cell
motion (20, 35-37). At larger scales, in tissues, asymmetric locali-
zation or gradients of myosins power anisotropic tissue deformation
(38—41).

The anchorages link the actin network to the extracellular matrix
or to surrounding cells via integrins or cadherins (9). In the local
absence of anchorages in the plasma membrane, cortical actin
filaments can glide and coalesce to form contractile bundles that
concentrate forces (42, 43). By contrast, filaments have limited
translocation freedom in regions where anchorages are present, so
they assemble thinner and pinpointed bundles (42, 44). Thus,
extracellular patterns of adhesion are converted into a pattern of
structure (45) and a pattern of forces (46). As a consequence, cells
tend to detach from regions of lower adhesiveness and move
toward regions of higher adhesiveness (47, 48). Such polarization
of actomyosin network deformation can be externally induced by
inducing a local detachment of the cell, which is sufficient to
induce cell motion toward the opposite direction (49).

Friction forces resist the relative sliding of the actin network
along its anchoring surface (50, 51) and thereby allow cell trans-
location (52, 53). They also limit the sliding of actin filaments
along each other and thus control network deformation and rear-
rangements as it contracts (36, 54). In tissues, friction has been
proposed to limit the instabilities and direct the self-organization
of contractile waves into regular banding patterns (55). This process
of directed contraction, in principle, orients network contraction
toward regions of higher friction. Although the global role of fric-
tion forces has been clearly identified in the migration of poorly
or nonadhesive cells (56, 57), or in the motion of encapsulated cell
extracts (58), it is still unclear whether the pattern of friction can
orient cell and tissue deformation. Single cells and cellular aggre-
gates move toward less deformable regions where friction forces
between the contracting actin network and the substrate are higher
(59-61). At larger scales, the anisotropic pattern of friction has
been proposed to account for the directed contraction of Drosophila
apical surface during gastrulation (62), the morphogenesis of the
neurectoderm in zebrafish embryos (63), and the emergence of
chiral flows in the cortex of Caenorhabditis elegans embryos (64).
However, in cells, and a fortiori in tissues, it is challenging to
distinguish the effect of the friction pattern from those of structure,
myosin, and adhesion patterns. These parameters influence each
other and self-organize together (26, 30, 31, 65). Testing the spe-
cific role of friction pattern requires to modulate the spatial distri-
bution of friction while all other contributions, structure, myosin,
and anchorage, are homogeneous. Here, we used geometrically
controlled reconstituted actomyosin networks (66), contracting
cither on glass or on lipid-coated surfaces (51, 67, 68), to investi-
gate the specific role of friction in the guidance of large-scale
contractions.

Results

Actin Assembly Rates Are Distinct on Glass and Lipid Micropatterns.
To study the role of friction on the contraction of actomyosin
networks, we used surface micropatterning to control the initial shape
of the network. Our protocol to micropattern actin networks on
supported lipid bilayer was inspired from several preceding methods.
In brief, glass coverslips coated with a Polyethylene glycol (PEG)

https://doi.org/10.1073/pnas.2300416120

layer were exposed to deep Ultraviolet (UV) through a photomask
in order to remove the PEG locally (69). The coverslips were then
immersed in a solution containing small unilamellar vesicles (SUVs),
containing 0.25% of lipids conjugated with biotin. The vesicles
exploded and spread in contact with the regions presenting bare
glass (70). A Nucleation Promoting Factor (NPF; Snap-Streptavidin-
WA-His) was then attached to these patterned lipids via a biotin—
streptavidin link. The actin polymerization mix was then added onto
this micropatterned surface to generate actin networks of controlled
geometries (66) (Fig. 14).

W first checked that NPF was active in our conditions and could
induce the assembly of a branched actin network on the micropat-
terned lipid bilayer (Fig. 1Band Movie S1), as previously shown on
infinite bilayers (71, 72). We also confirmed that lipids and NPF
could diffuse freely at normal rates (73, 74) before and after actin
polymerization despite the immobility of the dense actin mesh
(Fig. 1C, SI Appendix, Fig. S1, and Movie S2). Interestingly, we
observed that the efficiency to generate an actin assembly with NPF
grafted onto a lipid micropattern was an order of magnitude higher
(10 times faster) than that of NPF grafted onto a glass micropattern
(Fig. 1 D and E and Movie S3). Considering that network density
limits network contraction (72, 75), we determined the concentra-
tions of NPF that induced similar actin network assembly on the
glass and lipid micropattern (Fig. 1 D and E'and Movie S3) to inves-
tigate specifically the role of substrate friction on network contrac-
tion. Hence, in the following experiments, the concentration of NPF
will be 1 uM on glass and 1 nM on lipids.

Friction Slows Down Network Deformation upon Contraction.
In the following experiments, friction could arise from either
1) attachment between the actin network and the NPF or 2)
nonspecific interactions between actin filaments and the surface.
We rule out the first possibility for the following reasons: We
monitored the initial events of branch formation and quantified that
filament diffusion was the same before and after branch formation
(SI Appendix, Fig. S2 A and B), demonstrating that the NPF does
not remain attached to the actin network, confirming existing
results in the literature (76). We investigated next the possibility
that friction is due to the nonspecific interaction between actin
filaments and the surface (glass or lipids). Therefore, we followed
the diffusive movement of individual actin filaments on NPF
micropatterns on a lipid or glass surface. We tracked using TIRF
(total internal reflection fluorescence) microscopy the center of
mass of these filaments and evaluated their translational diffusion
coefficient from the Mean Square Displacement (MSD) analysis.
We measured that the diffusion coefficient on glass patterns is
slower than on lipid patterns, demonstrating that individual actin
filaments experience greater friction when they come into contact
with a glass surface than with a lipid surface (57 Appendix, Fig. S2
D-F). Moreover, when an additional blocking step with Bovine
serum albumin (BSA) is performed on the NPF-coated glass
surface, we found that the diffusion coefficient of actin filaments
becomes similar to that of the lipid surface. This demonstrates that
the contribution of NPF—actin interaction to the friction is limited
(S1 Appendix). We also tracked branches at the early stages of their
formation and measured their diffusion coefficient from the MSD.
Similarly, we found that branches diffuse slower on glass than on
lipid micropattern, showing that they experience a higher friction
(SI Appendix, Fig. S2 Cand F). Einstein relation then allows us to
conclude that the actin—glass friction is roughly three-fold greater
than the actin-lipid friction (87 Appendix).

We then assessed the impact of the friction between the actin
filaments and the underlying substrate during the actomyosin net-
work contraction. Addition of a double-headed [heavy-meromyosin
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Fig.1. Actin assembly on glass or lipid micropatterns. (A) Cartoon of the method to constrain branched actin network assembly on glass or lipid micropatterns.
(B) TIRF imaging of branched actin assembly on lipid micropattern (disk, diameter 135 pm). Biochemical conditions: WA 1 nM, Actin 1 pM, Human Profilin 3 pM,
Arp2/3 complex 25 nM. (Scale bar: 10 pm.) (C) Characterization of the diffusion property of the lipid micropattern. Left: TIRF imaging before and after FRAP (zone
diameter: 10 pm) on lipids, NPF (WA), and Actin (after network polymerization). Biochemical conditions: disk micropattern (diameter 68 pm), WA 1 nM, Actin 1
uM, Human Profilin 3 pM, and Arp2/3 complex 25 nM. (The scale bar is 20 um.) Right: Fluorescence measurements from the images on the left demonstrate that
the lipids and the NPF diffuse freely in our experimental conditions. (D) Comparison of the efficiency of actin network growth on lipid versus glass micropatterns.
TIRF imaging of branched actin assembly on lipid and glass disk micropatterns (diameter 68 pm). Biochemical conditions: NPF concentration is indicated on the
figure. Actin 1 uM, Human Profilin 3 pM, and Arp2/3 complex 25 nM. (The scale bar is 20 pm.) () Kinetics of actin assembly on lipid versus glass micropattern.

(HMM)-like] myosin VI (13, 75) to a disk- or a square-shaped
network on glass or lipid induced its contraction toward the center
of the initial shape (Fig. 2 A and B and Movies $4 and S5).

The contraction process followed three phases (described in
ref. 13) and illustrated by the variation of the area covered by
the actin network over time (Fig. 2). An a) initial growth phase
corresponding to the assembly of actin filaments in the first 10
min after the addition of actin monomer to the reaction mix-
ture; b) a lag, corresponding to the loading of myosins on the
actin filaments (87 Appendix, Fig. S4 A—C) and their local reor-
ganization without any global deformation of the entire

PNAS 2023 Vol.120 No.39 e2300416120

network; and ¢) the deformation by contraction of the network
toward the center of the micropattern (Fig. 2 C and D). The
initial delay of assembly was identical for lipid (red curve) or
glass (blue curve) on disks and squares (Fig. 2 C and D).
However, the lag and deformation phases were different on glass
and lipids. The lag phase was shorter, and the deformation rate
was faster on lipids than on glass (Fig. 2 £ and F). Similar
observations were made for the contraction of networks on
rectangles of identical area (S/ Appendix, Fig. S3). This showed
that the lower friction on lipids than on glass facilitates actin
network contraction by myosins. In addition, we also looked
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Fig. 2. NPF attachment conditions control actin network contractile response. (A) Kinetics of contraction of a disk-shaped actin network on glass or lipid
micropattern. Time-lapse imaging of actin network contraction on a glass or lipid disk (diameter 68 pm) micropattern. The line (blue for glass; red for lipids)
corresponds to the contours of the actin network (Materials and Methods). Biochemical conditions: On glass micropattern, WA = 1 pM; on lipid micropattern: WA
=1 nM. Actin 1 uM, Human Profilin 3 uM, Arp2/3 complex 25 nM, and Myosin VI 14 nM. (The scale bar is 20 pm.) (B) Kinetics of contraction of a square-shaped
actin network on glass or lipid micropattern. Time-lapse imaging of actin network contraction on a glass or lipid square (length 60 pm) micropattern. The line
(blue for glass; red for lipids) corresponds to the contours of the actin network (Materials and Methods). Biochemical conditions: On glass micropattern, WA
=1 pM; on lipid micropattern: WA = 1 nM. Actin 1 uM, Human Profilin 3 pM, Arp2/3 complex 25 nM, and Myosin VI 14 nM. (The scale bar is 20 pm.) (C and D)
Measured actin area as a function of time for the lipid (red) or glass (red) conditions on disk (C) or square (D) micropattern. The period defined at the top of the
graph determines the lag phase for each condition. (E) Duration of the lag phase preceding the contraction for the lipid or glass conditions on disk or square
micropattern. Data are represented with a superplot. Disk glass: n = 40; N = 2; median = 7.5. Disk lipids n = 41; N = 3; median = 4.0. Square glass n =37, N =2;
median = 7.0. Square lipids n = 37; N = 2; median = 4.0. Mann-Whitney statistics: disk glass/disk lipids P value = 0.0010***, square glass/square lipids P value <
0.0001**** disk glass/square glass P value = 0.1247 ns, and disk lipids/square lipids P value = 0.5360 ns. (F) Velocity of the phase contraction phase for the lipid
or glass conditions on disk or square micropattern. Data are represented with a superplot. Disk glass n = 53; N = 3; median = 0.8346, disk lipids n = 68; N = 4;
median = 1.133, square glass n = 37; N=2; median = 1.013, and square lipids n = 37; N = 2; median = 1.694. Mann-Whitney statistics: disk glass/disk lipids P value
< 0.0001**** square glass/square lipids P value < 0.0001****, disk glass/square glass P value = 0.2761 ns, and disk lipids/square lipids P value < 0.0001****,

at the myosin signal at the beginning of the contraction and
correlated it with the contraction velocity (SI Appendix, Fig. S4
D-F). Assuming that the contractile force is proportional to
the myosin concentration and the velocity is equal to the ratio
of the force and the friction coefficient, the slope of the myosin
concentration—velocity relation is inversely proportional to the

friction coeflicient. Thus, the ratio of the slopes for glass and
lipid conditions gives the ratio between the two respective fric-
tions. The data reported in SI Appendix, Fig. S4F indeed show
that a slower velocity is generated on glass, compared to that
on lipid, for the same myosin concentration, and gives the ratio
of 3 between the respective slopes, confirming the independent

https://doi.org/10.1073/pnas.2300416120 pnas.org
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friction estimates made by measuring diffusion and using

Einstein relation (S Appendix, Fig. S2).

Friction Limits Large-Scale Coordination of Network Contraction.
During this study, we noticed that network deformation seemed
more uniform and coordinated on lipids than on glass. To
characterize this, we photobleached a grid in the network and
monitored its deformation during the contraction process. We
found that on glass, local regions could initiate their deformation
independently, while on lipids, the deformed regions formed a
continuum and contracted together across the network (Fig. 34
and SI Appendix, Fig. S5). To further quantify this, we tracked
actin network deformation by particle image velocimetry (Fig. 3
B and Q). For the analysis, we decomposed the square in four
quadrants and summed the velocities of the moving parts in each
quadrant. Measurements showed that the deformation of the
four quadrants was not similar nor synchronized on glass, but
they were precisely coordinated on lipids (Fig. 3 B and C and
SI Appendix, Fig. S6). Interestingly, this difference of spatial and
temporal coordination during contraction had an impact on the
position of the point of convergence of the contraction process,
which was closest to the center of the initial shape on lipids than
on glass (Fig. 3D and Movies S6 and S7). This showed that the
lower friction on lipids than on glass allowed a more integrated
and coordinated actomyosin contraction.

A Pattern of Friction Can Guide Network Contraction. The
abovementioned effect of friction on the rate and coordination of
the contraction process suggested that heterogeneity in the friction
coeflicient between the actin network and the underlying substrate
might direct network contraction. To test this hypothesis, we
developed a method to generate a heterogeneous friction pattern
below uniform and geometrically controlled actin networks
(SI Appendix, Fig. S7A). We used a digital micromirror device
(DMD) to photoactivate distinct regions sequentially and coat
them with distinct components (Materials and Methods and
SI Appendix, Fig. S7TA). On a PEG layer, we generated disks,
squares, or rectangles, half of which was made of bare glass coated
with 1 uM NPF, and the other half was coated with lipids and
1 nM NPF to obtain similar actin polymerization kinetics on
the two halves and thus a homogeneous network over the entire
micropattern. We confirmed that lipids and WA diffused on the
lipid half and not on the glass half (S/ Appendix, Fig. S7B) and that
the networks contracted according to the three phases described
previously (S Appendix, Fig. S8).

Strikingly, while networks on homogeneous disk-shape lipid
micropatterns contracted precisely toward the centroid of the ini-
tial geometry, they showed a clear off-centering toward the region
of higher friction on heterogeneous glass—lipid micropatterns
(Fig. 4 A and B and Movies S9-S14). This deviation resulted from
the faster deformation of the actomyosin network on lipids than
on glass (SI Appendix, Fig. S8). We tested additional patterns of
friction in squares and rectangles and noticed that the network
compacts to a point which is biased toward the center of the higher
friction region (Fig. 4 C—F). These results demonstrated that a
friction pattern can guide actomyosin network deformation.

Numerical Simulations Account for the Trajectories of Myosin
Spots during Network Contraction. To further understand the
way actomyosin networks deform as they contract, we turned
to computational modeling. We model the actomyosin network
as a two-dimensional viscoelastic network with active contractile
stresses generated by myosin concentrated in several foci (77).
The internal (passive viscoelastic and active contractile) stresses
in the network are balanced by friction between the network and
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substrate (glass or lipid), which we model as effective viscous
drag with the drag on glass higher than that on lipid. This model
is implemented as a network of nodes connected by a viscous
dashpot with the substrate. Neighboring nodes are connected
by the viscous dashpot and elastic (nonlinear) spring in series
responsible for viscous and elastic deformations inside the network
(SI Appendix, Model Description and Fig. 54).

We first simulated the contraction of the network on homo-
geneous lipid square, with initial myosin foci appearing in four
corners of the square (Fig. 5B and Movie $16). The simulations
showed the temporal sequence of the network deformation like
those observed experimentally (Fig. 2B). Specifically, the simu-
lations correctly predict that the network corners get rounded
right after the onset of the contraction (Fig. 5B). Note also that
the area near the center of the network did not deform until late
stage of contraction (Fig. 5B), which is also observed in experi-
ments (Fig. 34). We then plotted the predicted myosin foci’s
trajectories for homogeneous patterns. Interestingly, for the
homogeneous pattern, the model predicts that regardless of the
initial positions and even number of myosin spots, the spots
drifted straight to the center of the square and converged to it
(Fig. 5C). Importantly, the model predicted that to generate the
observed ratio of the contractile rates on glass and lipid, the
respective ratio of the friction coefficients has to be approximately
3 (8] Appendix), as is already established by two independent
experimental estimates.

Remarkably, when a heterogeneous pattern of friction was sim-
ulated with the exact same initial myosin distribution, the final point
of contraction was shifted toward the side of high friction as
observed on the experimental data (Fig. 5D and Movie S17).
Furthermore, for the square homogeneous or heterogeneous pat-
terns, we found that regardless of the initial position and number
of myosin foci, the foci drifted straight to the center of the friction
pattern and then converged to it (Fig. 5 Cand D and see SI Appendix,
Fig. S9 A and B for examples with different positions of myosin
foci). This is reminiscent of the ballistic contractility previously
described (77). Finally, the trajectories predicted on homogeneous
or heterogeneous rectangles showed myosin foci first converging to
the point of intersection of the bisecting lines of the angles and then
moving to their destination, defined by the distinct weights of the
two friction patterns. (S Appendix, Fig. S9 C-F).

Two contraction features are illustrated by these trajectories.
First, the global character of the contraction: myosin foci integrate
large areas in the definition of their motion, which is largely the
consequence of the highly interconnected character of the acto-
myosin network and global propagation of the internal stresses
(SI Appendix, Model Description). Second, the predicted locations
of the convergence points of the contracted heterogeneous pattern
are largely insensitive to the initial myosin distributions (and to
the number of myosin foci) but determined by the adhesion
distribution.

Consequently, heterogeneity of contractility (initial myosin
distribution) does not explain nor impact contraction asymmetry.
Although the contraction is local and randomly initialized by
myosin foci, a combination of network geometry and external
friction heterogeneity leads to a robust global polarized contrac-
tion. Thus, our model proposes that the friction pattern can dom-
inate over the initial distribution of contractility to drive
contraction asymmetry.

Friction Acts as a Master Control of Symmetry of Actomyosin
Meshwork Contraction. We tested the predictions of the model
by analyzing the localization and trajectories of myosin foci in
our experimental data. Foci formed rapidly and were randomly
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Fig. 3. Lower friction improves the coordination of the contraction process. (A) Local deformation of the actin network. A photobleached grid shape was
performed on actin networks polymerized on glass or lipid micropatterns. Then, deformations of the actin network were followed by following the grid deformation.
(B) Left Top: Example of an actin network grown on glass substrate pattern used for PIV analysis. Left Bottom: PIV analysis of the actin network shown above.
Right: Resultant of vector sum for each quadrant defined on the pattern as a function of time (Materials and Methods). (C) Same as B with an actin network grown
on lipid substrate. (D) Left: Snapshots of the final position of myosin spot for actin networks grown on glass or lipid square micropattern. Right: Quantification
of the distance between the final myosin spot and the pattern center for networks grown on glass or lipids. N = 2 independent replicates with n =18 and n =
12 patterns for the lipids condition and n = 19 and n = 13 patterns for the glass condition. Individual points for each pattern are represented. Mean and SD are
plotted on top of the points. Unpaired t test: P value < 0.001***, Biochemical conditions for Fig. 3: On glass micropattern, WA = 1 uM; on lipid micropattern: WA
=1 nM. Actin 1 pM, Human Profilin 3 pM, Arp2/3 complex 25 nM, and Myosin VI 14 nM.

distributed in networks assembled on homogeneous square
lipid micropatterns (Fig. 6A4). The heterogeneity of these initial
distributions, which could be quite asymmetric, and sometimes
even made of a single and off-centered focus, did not impact
the position of the convergence point, at the square center, nor
the trajectories, which were directed straight toward it (Fig. 64

https://doi.org/10.1073/pnas.2300416120

and Movie S10). These observations were consistent with the
model (Fig. 5 B and C) and demonstrate that the actomyosin
network contraction integrates the entire shape of the network
independently of the asymmetry of myosins distribution.
Tracking myosin foci on homogeneous rectangular lipid
micropatterns confirmed the above conclusions on the absence of
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impact of the asymmetry of myosin distribution. They also showed
that myosin foci first moved along angle bisecting lines and then
reorient toward the rectangle center. These observations were also
consistent with the model (Fig. 5 Cand £ and S/ Appendix, Fig. S9
E and F) and further demonstrated that the contraction process
integrate local and global network geometry, as previously shown
(10), regardless of the initial pattern of myosins.

Importantly, during the contraction of actin networks assem-
bled on heterogeneous square patterns of glass and lipids, we also
found that myosin foci could be observed above both types of
substrates (Fig. 6C and Movies S11 and S12). This confirmed that
network density and architectures were similar on glass and on
lipids and that the initial localization of myosin foci was not deter-
mined by the strength of the underlying friction. The trajectories
were initially not all directed toward network final convergence
point, likely due to the asynchrony of the contraction described
earlier (Fig. 2) but then all move toward the off-centered destina-
tion regardless of their position above glass or lipids, further

PNAS 2023 Vol.120 No.39 e2300416120

confirming that the network integrated the entire geometry and
the entire heterogeneity of the underlying friction pattern
(Fig. 6C). Foci trajectories during the contraction of actin net-
works assembled on heterogeneous rectangular patterns of glass
and lipids confirmed these two conclusions on the dominant roles
of network geometry and friction pattern over the initial distri-
bution of myosins (Fig. 6D).

Discussion

Actin network architecture, myosin distribution, and network
anchorages are intimately related. They coassemble and influence
each other in complex feedback loops. Indeed, adhesion primes
filament assembly (78, 79), dense filament areas recruit more myo-
sins (80, 81) and contractile forces promote the enlargement of
adhesions (82, 83). It is therefore difficult to attribute the defor-
mation process of the contracting network to one or the other
parameter. Most of previous works were focused on the steering
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Fig.5. The computational model recapitulates the contraction kinetics and predicts the trajectories of myosin spots during the network contraction. (4) Scheme
of the computational model describing the network as a viscoelastic network of nodes and links. Each node is connected by a dashpot with the substrate. The
dashpot is responsible for the friction (higher on glass, lower on lipid). Neighboring nodes are connected by dashpot/spring in series responsible for viscous and
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(B) Sequence of deformations predicted by the model for an actin network polymerized on a homogeneous square lipid micropattern and contracted by
myosin dots (yellow nodes). (C) Prediction of myosin trajectories for an actin network contracting on a homogeneous square lipid micropattern. (D) Sequence
of deformations predicted by the model for an actin network polymerized on a heterogeneous square micropattern and contracted by myosin dots (yellow
nodes). () Prediction of myosin trajectories for an actin network contracting on a heterogeneous square micropattern.

role of motors distribution since it powers the contraction pro-
cess (84, 85). In vitro experiments revealed the role of network
architecture in modulating the rate of network deformation by
its impact on the connectivity of the contractile network (13,
72,75).

Our study uses micropatterns on two different substrates (glass
and lipids) which exhibit different frictions to precisely control the
initial geometry and density of the actin network. This enabled us
to study the symmetry of contraction in these conditions with respect
to the initial actin network geometry. We have shown that contrac-
tion ends at the centroid of the pattern with uniform friction. We
have also shown that friction is a key player in controlling contraction
velocity (Figs. 2 and 3) where previous work studied the role of
network cross-linking to the surface on its contraction (67, 86, 87).

By developing a method to create heterogeneous micropatterns
with different boundary between regions of different friction, we
have demonstrated that the pattern of friction drives the contrac-
tion asymmetry and more importantly that the friction pattern
dominates the contribution of asymmetric distribution of myosins
on the patterns (Fig. 6).

Here, we clearly establish the key role of friction pattern in the
guidance of network deformation during contraction. This implies
for cells and tissues that homogeneous contractile networks, made
of even distribution of actin filament and myosins, can contract
asymmetrically if their anchorages are not evenly distributed, or
if the interaction between the network and its underlying substrate
is not identical all over the network.

Our numerical simulations of a viscoelastic contractile network
and our experimental data also show the less intuitive result that
the friction pattern can guide network contraction in a quite

https://doi.org/10.1073/pnas.2300416120

robust manner that dominates the contribution of a heterogeneous
distribution of myosins. In physiological conditions, this implies
that morphogenetic processes can result from the local recruitment
and activation of myosins by signaling but that the role of non-
specific adhesion is also key in the establishment of the final ori-
entation of the deformation process. Thus, both orientations of
the powering force and the resistive forces are essentials, as well
known by sailors which efficiently combine the use of wind ori-
entation in the sails to propel the boat and the rudder blade ori-
entation to establish its final direction.

Materials and Methods

Protein Expression, Purification, and Labeling. Actin was purified from
rabbit skeletal-muscle acetone powder (88). Actin was labeled on lysines
with Alexa 568 (89). All experiments were carried out with 5% labeled actin.
The Arp2/3 complex was purified from the calf thymus according to ref. 90.
Human profilin was expressed in BL21 DE3 plys Escherichia coli cells and
purified according to ref. 91. Double-headed porcine myosin VI with bound
calmodulin was purified from Sf9 cells by FLAG affinity chromatography
(92, 93). Human WASp-WA (Snap-Streptavidin-WA-His) (pET plasmid) was
expressed in Rosettas 2 (DE3) plysS (Merck, 71403) and purified according
to ref. 94.

Lipid Micropatterning. Deep UV exposure through a chrome-photomask for
45 s creates micropatterns on Silane-PEG coverslip (S/Appendix). The coverslip
is then mounted in a 70-um height flow chamber (with a Silane-PEG slide
on top, double-sided tape, Lima ref 1820080). Thirty microliters of SUV lipid
solution (S Appendix) is then immediately perfused in the flow chamber. After
10 min of incubation at room temperature, the flow chamber is rinsed with 1
mL of SUV buffer. The diffusivity of the lipid bilayer was checked before each
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experiment with Fluorescence Recovery After Photobleaching (FRAP) analysis
of the lipid bilayer.

Patterning for Heterogeneity Experiments. Full, symmetrical and asymmet-
rical patterns were generated on a Nikon eclipse inverted microscope equipped
with the Primo Digital Micromirror Device (DMD) (Alveole) (95).

Actin Polymerization and Contraction. Actin polymerization and contrac-
tion were induced by injection in the flow chamber of a reaction mixture
containing 1 pM actin monomers (12% labeled with Alexa 568), 3 uM profilin,
25nMArp2/3 complex, and 14 nM of HMM-myosin VI (GFP labeled). This pro-
tein mixture was diluted in freshly prepared buffer containing 10 mM Hepes
(pH 7.5), 3 mM ATP, 27 mM DTT, T mM EGTA, 50 mM KCl, 5 mM MgCl,, 3 mg/
mL glucose, 20 pg/mL catalase, 100 pg/mL glucose oxidase, and 0.25% w/v
methylcellulose. The sample was then closed with VALAP to avoid evaporation.

Imaging. Time courses of actin assembly and contraction on homogeneous
patterns were acquired on a TIRF microscope (Roper Scientific) equipped with
an ilasPulsed system and an Evolve camera (EMCCD 512 x 512, pixel = 16
pm) using a 60x 1.49 objective lens. Microscope and devices were driven by
MetaMorph software (Molecular Devices). For heterogeneous patterns, image

PNAS 2023 Vol.120 No.39 e2300416120

acquisition was done on a Nikon Eclipse Ti2 inverted microscope equipped with
an S Plan fluor ELWD 40x/0,60 objective and a Hamamatsu ORCA Flash 4.0 LT
camera.The microscope and equipment were driven by MicroManager software.

Image Analysis. Image analysis was performed using Fiji (96), RStudio, and
GraphPad Prism.

Statistical Analysis. We used Mann-Whitney tests (nonparametric test) per-
formed in GraphPad Prism software.

Computational Modeling. We model the actomyosin network as a contractile
viscoelastic medium represented by a lattice of actin and myosin nodes connected
to each other by spring-like links and to the substrate by adhesive dashpots.The net-
work's deformations are simulated numerically by solving force balance equations.
Details of the model and numerical solutions are in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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