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SUMMARY

In cells, multiple actin networks coexist in a dynamic manner. These networks compete for acommon pool of
actin monomers and actin-binding proteins. Interestingly, all of these networks manage to coexist despite the
strong competition for resources. Moreover, the coexistence of networks with various strengths is key to cell
adaptation to external changes. However, a comprehensive view of how these networks coexist in this
competitive environment, where resources are limited, is still lacking. To address this question, we used a
reconstituted system, in closed microwells, consisting of beads propelled by actin polymerization or micro-
patterns functionalized with lipids capable of initiating polymerization close to a membrane. This system
enabled us to build dynamic actin architectures, competing for a limited pool of proteins, over a period of
hours. We demonstrated the importance of protein turnover for the coexistence of actin networks, showing
that it ensures resource distribution between weak and strong networks. However, when competition be-
comes too intense, turnover alone is insufficient, leading to a selection process that favors the strongest net-
works. Consequently, we emphasize the importance of competition strength, which is defined by the turn-
over rate, the amount of available protein, and the number of competing structures. More generally, this
work illustrates how turnover allows biological populations with various competition strengths to coexist

despite resource constraints.

INTRODUCTION

Competition for resources exists at all levels in nature. In ecological
communities, the different species sharing the same habitat
compete for food resources.'? Competition for limited resources
has been proposed to be a driver of evolution, but how to ensure
a stable coexistence of various species sharing the same re-
sources is still an open question in ecology.®* In multicellular or-
ganisms, the organs compete for resources during development.
Indeed, impeding the growth of one organ will often make the other
organs bigger.>® At a more microscopic level, inter-cellular
competition has been proposed to be a surveillance mechanism
for the detection and elimination of suboptimal cells during devel-
opment.”? In the tumoral context, cell competition was proposed
to have two opposite effects: elimination of pre-tumoral cells or at
later stages, promotion of tumor expansion.'®'" In those models,
the cells compete for resources (trophic factors in the ligand cap-
ture model) or for limited space (mechanical constraints). Finally,
there is also competition within the cell, due to the finite pool of re-
sources that leads to the budgeting of resources for cell decision-
making.'® Indeed, many proteins are shared between several
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signaling pathways or incorporated into different cellular architec-
tures. This is particularly true for actin, one of the most abundant
proteins in the cell, which plays a crucial role in various physiolog-
ical functions, including maintaining cell architecture, facilitating
cell movement, and enabling endocytosis.'®'* In recent years, it
has become widely accepted that the actin monomer pool
is shared among various cellular structures and is limited, thereby
influencing notably the size of actin structures (reviewed in
Michelot and Drubin'®~'°, Rotty and Bear'®'°, Suarez and Ko-
var'®'° Davidson and Wood'®'°, and Kadzik et al."”>'9). Indeed,
in yeast, the Arp2/3 complex inhibition with drugs promotes for-
min-mediated cable formation, indicating a tension in the actin
pool with implications for cell polarity.?>>* Moreover, multiple
studies across various organisms and model systems have shown
that actin structures compete within cells, indicating a universal
phenomenon where actin homeostasis prevents excessive
network outgrowth, such as the Arp2/3 complex regulating formin
activity during C. elegans embryo cytokinesis.?® Furthermore, this
competition is suggested to impact cell polarization and the initia-
tion of motility”®>° as well as the size regulation of structures like
tunneling nanotubes and microvilli.*'~**
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Interestingly, in cells, multiple actin-based structures with
various filament density and distinct nucleation rates can coexist
despite their competition for actin monomers. For example lamel-
lipodial networks, which rapidly consume actin monomers to
elongate numerous filaments in dense arrays, do not prevent
the growth of other networks, such as endocytic buds or cortical
networks.'>**° |t seems that competition does not lead to binary
outcomes, such as the survival or death of competitors. How
these networks of varying strengths can coexist despite limited re-
sources remains unknown. One possibility is that the pool of actin
monomers is so large that the growth of each network does not
restrict the others. However, the various examples above have
shown that the growth of high- and low-consumption networks
do depend on each other."” Another possibility is that the constant
disassembly of actin-based structures replenishes the pool and
tempers the competition. Indeed, most cellular actin architectures
are renewed within minutes.*®*” This turnover allows cells to
respond to various perturbations or signaling events by dynami-
cally adjusting the localization and size of their actin-based net-
works.'“*%%8 |t might also participate in the coexistence of these
networks in a competitive environment for resources. Whether
and how actin-based structures turnover modulates their compe-
tition for resources and leads to complex outcomes, allowing
their coexistence despite limited resources, remains an open
question.

Theoretical studies have attempted to uncover mechanisms
regulating the size of multiple structures from a finite set of com-
ponents. Mohapatra et al.> found the limiting pool mechanism
insufficient to explain the variation of their sizes. Interestingly,
Suarez et al.*® suggested that the various lifetimes of the struc-
tures are a key regulator of their competition. More recent
works*"*? proposed a theory involving negative feedback be-
tween growth rate and structure size. However, these theories
lack experimental validation, and a comprehensive understand-
ing of how dynamic actin networks share monomer pools re-
mains elusive. Moreover, it is extremely challenging to precisely
control the number, position, size, and nucleation rates of all
actin-based structures in cells. This is why, in this study, we
used a reconstituted system to investigate the parameters that
enable the coexistence of actin networks in a controlled environ-
ment with limited resources. We used the actin-based motility
assay to reconstitute branched actin networks (without or with
turnover, as described in Colin et al.43) in microwells to limit
the enclosed volume and the total amount of resources.
Thereby, we reported the first reconstitution of the competition
between dynamic architectures, in the presence of a limited
pool of components. We show that the turnover of actin architec-
tures ensures the redistribution of resources among them and
thus allows the coexistence of networks of different strengths.
Finally, we have highlighted the limits of this balancing system
when faced with a large number of competing networks, leading
to greater competition.

RESULTS

Without turnover, the size of the actin structures is
determined by the pool of available monomers

To study the competition for actin monomers between multiple
networks, we used the well-described bead motility assay.**™"
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Briefly, we coated 4.5-um-diameter polystyrene beads with a
nucleation-promoting factor (NPF, Snap-streptavidin-WA-His,
see STAR Methods), triggering actin assembly via the Arp2/3
complex. We introduced these beads in cell-sized microwells
(previously described in Colin et al.*®> and Yamamoto et al.*?).
The use of these microwells ensures control and limitation of
the quantity of proteins present for the growth of actin struc-
tures.>® We first grew actin comet tails in the presence of actin,
profilin, capping protein, and the Arp2/3 complex (see STAR
Methods for concentrations; Figure 1A). In these conditions,
the turnover rate of the comet is extremely slow (less than
0.02 h™", Colin et al.*®) so we consider this condition as “without
turnover.” We imaged the microwells containing the beads with
fluorescence microscopy, and we analyzed the actin comet size
as a function of the number of beads in the microwells (Figure 1B;
Video S1). We calculated the structure size based on the mea-
surement of comet area (STAR Methods). By measuring comet
area per bead as a function of time (Figure 1C), we estimated
that the growth of comets is completed in about 150 min. We
therefore decided to measure the area of each individual comet
at the growth plateau (also called steady state or stalled state),
between 200 and 260 min. When the number of beads in the mi-
crowell increases, the size of each individual comet tail de-
creases, inversely proportional to the number of beads (Fig-
ure 1D). The estimate of actin polymerized within comet tails
(STAR Methods) showed that the quantity of actin polymerized
is approximately constant regardless of the number of beads
in the microwell (Figure 1E). This can also be assessed by quan-
tifying the amount of actin (monomers and oligomers, Colin
et al.”®) present in the microwell bulk at steady state, which re-
mains constant regardless of the number of beads in the micro-
well (Figure S1A; STAR Methods). Mean density of comet tails
slightly decreases when the number of beads in the microwell in-
creases (Figure S1B), suggesting that there probably is a compe-
tition between nucleation and assembly when multiple structures
grow simultaneously. We then estimated the amount of protein in
the microwells (STAR Methods; Figure S1C) and concluded that
neither the Arp2/3 complex nor the capping protein acts as a sig-
nificant limiting factor. From these data, we conclude that
without turnover, the size of actin structures depends on the
number of competing structures. This size variation and the de-
pendency on the inverse of the number of the beads can be
attributed to a well-described mechanism involving a limited
pool of resources,”>® where the actin pool is constrained and
distributed equally among the various architectures (Figure 1F).

With turnover, the actin monomer pool is partially
limited depending on turnover rate and is equally shared
between competing structures

Next, we grew comet tails in microwells with slow or rapid actin
turnover, incorporating disassembly (ADF/cofilin) and recycling
(cyclase-associated protein, CAP) proteins at different concen-
trations (Figure 2A), to observe their effect on the size of compet-
itive actin networks. With rapid turnover, the beads move at an
average speed of 3 yum/min~", and the comets have an average
length of 10 um, corresponding to a turnover rate of approxi-
mately 0.3 min~". In other words, the comet is renewed every
3.3 min, which is similar to the turnover rate observed for the
lamellipodia in cells.”®>® We considered microwells containing
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Figure 1. Without turnover, the size of the actin structures is determined by the pool of available monomers

(A) Scheme of the experimental setup (arrow shows the site of actin network assembly).

(B) Snapshots of actin comets (black) grown from polystyrene beads (blue) coated with a nucleation-promoting factor (NPF) of the Arp2/3 complex in microwells.
Snapshots were taken after 6 h.

(C) Mean comet area per bead as a function of time for various numbers of beads in the microwell. Mean and standard deviation are represented.

(D) Mean comet area (structure size) per bead at steady state (between 3 and 4 h) as a function of the number of beads in the microwell. Gray circles represent
individual microwells on top of which mean and standard deviation of the whole population are plotted. Dashed line represents a fit (area = A + B/number of beads,
fit results: A = 136.2, B = 976.3, R® = 0.996).

(E) Total actin quantity in comet tails in steady state as a function of the number of beads in the microwell. Gray circles represent individual microwells on top of
which mean and standard deviation of the whole population are plotted.

(F) Interpretation scheme: without turnover, the network size is determined by the available pool of proteins. Replicates: 4 independent experiments. 1 bead:
n=70microwells, 2 beads =n =49 microwells, 3 beads: n = 42 microwells, 4 beads: n = 36 microwells, 5 beads: n = 23 microwells. Biochemical conditions: 4.5 um
beads coated with 400 nM of SNAP-Strep-WA-His. Reaction mix: [actin] = 6 uM, [profilin] = 12 uM, [Arp2/3 complex] = 90 nM, [capping protein] = 40 nM.
See also Figure S1 and Video S1.

a varying number of beads (Figure 2B; Video S1). By monitoring  for over 300 min (as previously described in Colin et al.*®). We
the size of actin comets as a function of time (Figure 2C), we  quantified the comet area at steady state (between 120 and
found that steady state is established after 50 min and is stable 180 min, Figure 2D). Remarkably, under conditions of rapid
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Figure 2. Depending on the turnover rate, the actin pool is no longer limiting

(A) Scheme of the experimental setup. Red and green arrows indicate assembly/disassembly, respectively.

(B) Snapshots of actin comets (black) grown from polystyrene beads (blue) coated with a nucleation-promoting factor (NPF) of the Arp2/3 complex in microwells
with a high or low disassembly rate (see below for biochemical conditions). Snapshots were taken after 90 min.

(C) Mean comet area per bead as a function of time for various numbers of beads in the microwell (high disassembly conditions). Mean and standard deviation are
represented.

(D) Mean comet area per bead at steady state (between 2 and 3 h) as a function of the number of beads in the microwell for low (blue) and high (pink) disassembly
rates. Circles represent individual microwells on top of which mean and standard deviation of the whole population are plotted.

(E) Total actin quantity in comet tails at steady state as a function of the number of beads in the microwell for low (blue) and high (pink) disassembly rates. Circles
represent individual microwells on top of which mean and standard deviation of the whole population are plotted.

(legend continued on next page)
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turnover, the size of the comet tails becomes nearly independent
of the number of beads in the microwells. Consequently, the total
amount of actin polymerized in the comet tails increases with the
number of beads in the microwell (Figure 2E), whereas it remains
constant in conditions without turnover (Figure 1E). This demon-
strates that rapid turnover dictates the size of the actin comet
tails and constrains competition among different actin networks
due to the high concentration of actin available in the microwell
bulk (Figures 2F and S1D). Interestingly, in slow turnover condi-
tions, we observed that the size of individual comet tails depends
on the number of beads in the microwell (Figure 2D, blue curve),
as observed in conditions without turnover (Figure 1D). The total
amount of actin polymerized in the comet tails still increases with
the number of beads in the microwell under these conditions
(Figure 2E), demonstrating that the actin pool is only partially
limited, as can also be seen from the quantification of actin avail-
able in the microwell bulk (Figure S1D). Based on these results,
we investigated how limited or rapid turnover might influence
the coexistence of branched networks with differing densities.

Without turnover, weak actin networks cannot coexist
with strong networks when they are in competition

We prepared two types of beads with different concentrations of
NPF (200 and 400 nM, referred to as low- and high-NPF den-
sities, colored orange and blue, respectively, in Figures 3, 4,
and 5). The low-density beads have a surface density of 3.8
NPF per 100 nm?, while the high-density beads have a surface
density of 7.6 NPF per 100 nm? (similar to the range reported
in Wiesner et al.>®). When grown in bulk (unlimited resources),
the low- and high-NPF-density beads generated networks with
sparse and dense densities, respectively (Figure S2A). The
growth of comet tails with low-NPF density was initiated more
slowly®?°" (Figure S2B), and they incorporated actin at a slower
rate, as evidenced by a linear fit of the actin quantity in the comet
tail as a function of time (Figure S2B). Overall, given these prop-
erties of density and actin consumption rate, we define those
networks as weak and strong, respectively. We then placed
the low- and high-NPF-density beads in microwells. Without
competition, both weak and strong actin tails were able to
grow (Figure 3A, left; Video S2) and reached similar maximum
sizes (Figure 3B, left). We then looked at the cases where the
two networks (weak and strong) were in competition in the
same microwell (Figure 3A, right; Video S2). Without turnover,
the strong network maintained a similar size to that observed
without competition. However, in all cases we tested, the weak
network was unable to grow (Figures 3A and 3B, right; Video
S2). This results in a size decrease of 100% for the weak
network, whereas the size of the strong network decreases by
only 3% (Figure 3E, left). Interestingly, regardless of the number
of low-NPF-density beads in the microwell, their growth cannot
initiate, whereas the high-NPF-density beads always initiate

Current Biology

growth (Figures S2E and S2F). To understand why the weak
network cannot initiate growth in the presence of competition,
we first examined the kinetics of comet growth in the absence
of competition. From the plots depicting the comet area over
time (Figure S2C), it is evident that there is an approximately
40-min delay for the weak network (orange curve) to initiate its
growth, compared with the strong network. If we analyze the
actin available in the microwell bulk (STAR Methods), we observe
that by the time the weak network begins to grow (at 40 min, Fig-
ure S2D), the strong network has already consumed 35% of the
available actin. This indicates that the weak network encounters
a concentration of only ~3.9 uM of actin, which is insufficient for
efficient initiation of growth, as observed from the growth of
comet tails in the flow chamber (Figures S2G and S2H).

Since the delay for actin comet growth depends on the initial
symmetry-breaking step around the beads, we decided to test
if this observation holds in a different geometry where there is
no need for symmetry breaking in actin network growth. To do
this, we used lipid micropatterns that closely mimic actin poly-
merization near a membrane, similar to conditions found in cells.
We reported the lipid-patterning method recently,®” and we
adapted it here in microwells (see STAR Methods; Figure S3A).
We passivated the microwells with silanePEG and then used
the Primo device®®* to pattern the selected regions. Following
this, we introduced biotin-functionalized lipids and streptavi-
din-functionalized NPF. Interestingly, using the Primo device,
we can adjust the grayscale intensity of the input pattern to
vary the degree of PEG layer removal. This results in different
amounts of lipids (and consequently NPF) on the micropatterns
(Figure S3B). The various quantities of NPF further lead to various
actin network densities (Figure S3C). We used the fluorescence
of the lipids as a proxy for the amount of NPF on our micropat-
terns. We analyzed the correlation between lipid fluorescence in-
tensity and actin polymerization on each pattern (Figure S3C).
The correlation coefficient between these two quantities is
0.91, demonstrating that lipid fluorescence intensity serves as
a reliable readout of NPF density on the micropatterns. We
then analyzed and compared the lipid fluorescence intensity of
micropatterns burned under conditions without and with compe-
tition (Figure S3D). We concluded that the amount of lipids (both
high and low density) remains the same, regardless of the num-
ber of micropatterns in the microwell (i.e., in conditions without
or with competition).

As we observed for the beads coated with a low density of
NPF, there is a delay for the low-NPF-density micropatterns
to start their growth, and this delay directly depends on the
NPF density (Figures S3E and S3F). This delay is probably
due to the initial time for pattern seeding (primer effect, as
described in Achard et aI.65). In addition, we evaluated the actin
consumption rate of networks grown from various NPF den-
sities (Figure S3G), and we observed that high-NPF-density

(F) Interpretation scheme: depending on turnover rate, actin pool is no longer limiting and is shared equally between the structures. Replicates: low disassembly
rate: 2 independent experiments. 1 bead: n = 19 microwells, 2 beads: n = 19 microwells, 3 beads: n = 20 microwells, 4 beads: n = 28 microwells, 5 beads: n =17
microwells. High disassembly rate: 2 independent experiments. 1 bead: n = 24 microwells, 2 beads: n = 31 microwells, 3 beads: n = 34 microwells, 4 beads:n =17
microwells, 5 beads: n = 4 microwells. Biochemical conditions: 4.5 pm beads coated with 400 nM of SNAP-Strep-WA-His. Reaction mix: [actin] = 6 pM, [profilin] =
12 uM, [Arp2/3 complex] = 90 nM, [capping protein] = 40 nM. High disassembly rate: [ADF/cofilin] = 800 nM, [CAP] = 400 nM. Low disassembly rate: [ADF/cofilin] =

400 nM, [CAP] = 200 nM.
See also Figure S1 and Video S1.
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Figure 3. When structures with various densities compete without turnover, the actin monomer pool is consumed preferentially by denser
structures

(A) Snapshots (top row: bright field, bottom row: fluorescence with actin in black) of actin comet tails grown from polystyrene beads coated with a nucleation-
promoting factor (NPF, blue bead: high-NPF density — 400 nM WA, orange bead: low-NPF density — 200 nM WA) of the Arp2/3 complex in microwells in conditions
without turnover. Snapshots were taken after 300 min.

(B) Comet area at steady state for comets grown from low-NPF-density (orange) and high-NPF-density (blue) beads, in the absence or presence of competition.
Colored circles represent individual microwells on top of which mean and standard deviation of the whole population are plotted.

(C) Snapshots (top row) and 3D reconstructions (bottom row) of actin branched networks grown from lipid micropatterns with various densities of NPF (orange:
low and blue: high). For the 3D reconstructions: actin is shown in red.

(D) Quantity of actin polymerized at steady state for structures grown on low-density and high-density patterns, in the absence or presence of competition.
Colored circles represent individual microwells on top of which mean and standard deviation of the whole population are plotted.

(E) Variation of structure size in the presence of competition expressed as a percentage. The mean variation of structure size is computed per independent
dataset, and standard deviation represents the variation between independent datasets.

(F) Interpretation scheme: without turnover, when structures with various densities are in competition, the actin monomer pool is limiting and is taken over by the
dense structures.

Replicates: beads: 3 independent experiments. Without competition, low-NPF density: n = 23 microwells. Without competition, high-NPF density: n = 28 mi-
crowells. With competition, n = 49 microwells.

(legend continued on next page)
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networks are consuming actin monomers at a faster rate than
low-NPF-density networks. Therefore, given those characteris-
tics, we were able to generate weak and strong actin networks
that grew in 3D in the microwell in conditions without and with
competition (Figure 3C; Video S3). We observed that without
turnover, similar to what was described with the beads in
competitive scenarios, the weak network could barely grow,
whereas it could grow when there was no competition. We
confirmed this observation with the 3D reconstruction of the
networks and with the quantification of actin polymerized on
the different patterns (Figures 3C and 3D). In this competitive
condition, the weak network size decreases by 79%, whereas
the strong network size decreases only by 13% (Figure 3E).
Thus, with another geometry (micropattern), we confirmed the
results obtained with the beads. In the case of micropatterns,
we can explain this result by the delay in the initiation of growth
and the varying actin consumption rates of networks with
different densities. Specifically, we observed that high-NPF-
density networks initiate growth quicker and consume
actin monomers faster than low-NPF-density networks
(Figures S3F and S3G). Therefore, in the presence of competi-
tion, the available pool of monomers in the microwell is
depleted very rapidly due to the strong network (Figure S3H),
limiting the amount of actin available in the microwell bulk
when the weaker network begins to grow. Overall, we show
that depending on the time they take to initiate growth and their
rate of monomer consumption, actin networks grown from pat-
terns with varying NPF densities are affected to different ex-
tents by competition (Figure S3I).

We conclude that in the absence of turnover, the actin mono-
mer pool acts as a limiting factor for competitive networks to
coexist. When architectures of different densities compete with
one another, the denser networks dominate the available re-
sources in a “winner-takes-all” process, thereby preventing
the weak networks from growing (Figure 3F). We next sought
to evaluate whether under conditions with rapid turnover, the
system operates differently according to the possible coexis-
tence of networks with different strengths.

Rapid turnover ensures a balanced distribution of
resources, thereby enabling the existence of networks
of different strengths

We then tested conditions with rapid turnover (addition of ADF/
cofilin and CAP to the experiment) for beads and micropatterns
geometries. For the bead geometry without competition, both
weak and strong networks were growing, with strong comets be-
ing a bit longer than weak ones (Figures 4A and 4B; Video S4).
When the two networks were in competition in the same micro-
well, we observed that they were both growing and coexisting
over along period of time. The size of the strong network was un-
affected by the competition (Figure 4E), and the size of the weak
network was moderately affected by the competition (decrease
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of 65%, Figure 4E). This shows that rapid turnover enables the
existence of weak networks that could not grow without it.
Indeed, in the presence of turnover, there is a sizable pool of
monomers that is shared because of rapid monomer diffusion.
We estimated that in conditions with competition, there is 5 uM
of actin available in the microwell bulk (Figure S4A). Therefore,
some monomers always reach the weak bead surface and can
assemble into the tail of the network at that location.

We next examined the same configuration with rapid turnover
of actin networks grown from micropatterns. Similar to our ob-
servations with the beads, we found that in the presence of turn-
over, both weak and strong networks could grow and coexist
(Figures 4C and 4D; Video S5). Therefore, we conclude that rapid
turnover allows the protein pool to be distributed, accommoda-
ting varying strengths of these networks as they grow (Figure 4F).
However, under competitive conditions, both weak and strong
networks showed a 20% reduction in size, which can be ex-
plained by the fact that with micropatterns, there is less actin
available in the microwell bulk, compared with the bead situation
(Figures S4A and S4B). This result suggests limitations in
balancing resources among different actin networks (Figure 4E).
We therefore aimed to challenge the limits of the rapid turnover
condition concerning resource balance between structures
with varying strengths.

When numerous structures compete, the actin

monomer pool becomes limiting again, leading to the
disappearance of the sparse network population

To do this, we examined scenarios where many beads were
present in the microwells. We counted the number of high-
NPF-density beads (in blue on the figure) in the microwell and
defined this number as representative of the strength of
competition (Figure 5A; Video S6). We then examined the per-
centage of low-NPF-density beads (orange on the figure) that
initiate growth, as a function of competition strength (Figure 5B).
We observed that when the level of competition is low (less than
two high-density beads), most low-density beads could grow a
comet. Then, in the medium range of competition, we observed
a selection process, meaning that only a fraction of low-density
beads could grow a comet and move. Interestingly, when we
computed the actin available in the microwell bulk in these ex-
periments (Figure S4C), we observed that above two strong
beads, there is a plateau in the amount of actin available, cor-
responding to the point at which the selection process begins.
Therefore, with more than two strong beads, the actin pool be-
comes limited, and the system selectively favors structures that
can grow, preventing some of the weaker structures from doing
so. When the level of competition is high (more than six high-
density beads), weak networks cannot grow (Figure 5C). Inter-
estingly, when high-NPF-density beads are alone in the micro-
well (conditions of Figure 2), they reach a plateau for the total
actin polymerized in comet tails at steady state after six beads

Micropatterns: 2 independent experiments. Without competition, low-NPF density: n = 24 microwells. Without competition, high-NPF density: n = 29 microwells.

With competition, n = 42 microwells.

Biochemical conditions: 4.5 pm beads coated with 400 or 200 nM of SNAP-Strep-WA-His. Reaction mix for assembly conditions: [actin] = 6 uM, [profilin] = 12 uM,

[Arp2/3 complex] = 90 nM, [capping protein] = 40 nM.

Micropatterns: lipids with 0.5% of biotin; coating with 50 nM of SNAP-Strep-WA-His. Same reaction mix as for the beads.

See also Figures S2 and S3 and Videos S2 and S3.
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Figure 4. Conditions with turnover allow the coexistence of actin networks with various densities

(A) Snapshots (top row: bright field, bottom row: fluorescence with actin in black) of actin comet tails grown from polystyrene beads coated with a nucleation-
promoting factor (NPF, blue bead: high-NPF density — 400 nM WA, orange bead: low-NPF density — 200 nM WA) of the Arp2/3 complex in microwells in conditions
with turnover. Snapshots were taken after 240 min.

(B) Comet area at steady state for comets grown from low-density (orange) and high-density (blue) beads, in the absence or presence of competition. Colored
circles represent individual microwells on top of which mean and standard deviation of the whole population are plotted.

(C) Snapshots (top row) and 3D reconstructions (bottom row) of actin branched networks grown from lipid micropatterns with various densities of NPF
(orange: weak and blue: strong) in conditions with turnover. For the 3D reconstructions: actin is shown in red and fluorescently labeled ADF/cofilin is shown in
green.

(D) Quantity of actin polymerized at steady state for structures grown on low-density and high-density patterns, in the absence or presence of
competition in conditions with turnover. Colored circles represent individual microwells on top of which mean and standard deviation of the whole population
are plotted.

(E) Variation of structure size in the presence of competition expressed as a percentage. The mean variation of structure size is computed per independent
dataset, and standard deviation represents the variation between independent datasets.

(F) Interpretation scheme: protein turnover is necessary to limit the competition and to allow the coexistence of structures with various densities. Replicates:
beads: 3 independent experiments. Without competition, low-NPF density: n = 94 microwells. Without competition, high-NPF density: n = 41 microwells. With
competition, n = 32 microwells.

(legend continued on next page)
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in the microwell (Figure S4D). We therefore conclude that
beyond a certain number of structures, rapid turnover alone
cannot ensure the coexistence of all networks. The actin pool
becomes limiting once again, and the strongest networks are
the ones that ultimately “win it all.”

DISCUSSION

Our findings highlight the necessity of considering protein
turnover to understand the mechanisms that allow the coexis-
tence of various structures competing for a limited pool of
components.

Under conditions without turnover, the outcome is dictated by
the mere consumptionrates of resources, and the systemis rapidly
trapped in its final configuration, preventing further evolution.
Weak structures cannot develop, and only strong structures domi-
nate the final architecture. The result is not only homogeneous but
also static. Indeed, while this leads to high stability, it lacks adap-
tive properties. In cells, some structures like stereocilia or sarco-
meres have an extremely low turnover (from hours to days®®®7).
However, both types of structures continue to incorporate actin
at their tips, which is necessary for their maintenance through
the organism’s life®®~""). An intriguing question is, what prevents
protein degradation or possible damage in these long-lived struc-
tures, as observed in reconstituted systems?*® The potential exis-
tence of a repair mechanism that maintains cytoskeletal integrity
after damage is an exciting possibility.”>"*

Under turnover conditions, structures first consume re-
sources as they establish a steady state. Then resources are
recycled, and at steady state, the net consumption of re-
sources is effectively zero, and the size remains constant.
Interestingly, the slow turnover condition represents an inter-
mediate scenario where the slower recycling of resources
limits their availability, thereby affecting the size of the struc-
tures. Our results also show that competition for resources in-
tensifies when structures with varying strengths coexist.
Without turnover, structures deplete resources quickly, leav-
ing little for weaker structures to grow. However, turnover mit-
igates this issue up to a certain extent. In cells, branched net-
works involved in key functions like motility and endocytosis
compete for actin monomers,”*”® and within structures like
lamellipodia, density variations affect function and movement
direction.”®”"® This study suggests that rapid turnover allows
the redistribution of resources and the maintenance of weak
structures generated by poor nucleation. Thus, the rapid
renewal of dynamic structures such as lamellipodia could
allow the coexistence of networks with large variations of den-
sities.®**> Generally speaking, at all levels of life, turnover is
an essential monitoring system and is indispensable for the
reuse of components.®® However, turnover is costly in energy,
and there is therefore a trade-off between the turnover, the
adaptability of the system when facing a perturbation, and
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the energy cost. Reduction or modulation of turnover rate
can then be a strategy to reduce the energy consumption,
during hibernation®' or quiescent phases,® for example.

By examining the system’s limits, we have demonstrated that
even under fast turnover, excessive competition can force
the system to select which structures can polymerize and
persist. This decision-making process, which influences the for-
mation or loss of structures, may additionally involve activating
signaling pathways or reallocating resources based on turnover
rates.'>%%%* For instance, cytochalasin-D treatment typically
eliminates fast-turnover structures, such as lamellipodia, while
low-turnover structures, like stress fibers, remain unaffected.®®
This phenomenon may be attributed to the competition strength
caused by cytochalasin-D, which disrupts the coexistence of
structures. This work does not address the competition between
different actin architectures, such as branched versus linear net-
works, nor does it address how cellular compartmentalization
and heterogeneity might influence this competition.'® Future
studies should explore these aspects, including the impact of
local actin monomer synthesis®® on the distribution among
competing actin networks.

Our study emphasizes the crucial role of competition
strength, shaped by turnover rate, protein pool size, and
the number of competing structures. These factors interact
through feedback mechanisms, with high turnover reducing
competition and lower turnover increasing protein consump-
tion, therefore affecting the coexistence of actin architectures.
Modulating competition strength, by varying the amount of
available monomers, significantly affects actin structure size
and shape, impacting cellular functions like polarization
and migration.?®®"%9 Additionally, a larger pool of monomers
may reduce the competition strength, as evidenced by the
increased number of stress fibers in larger cells.?>°" Interest-
ingly, contrary to the notion that “bigger is better,” evolution
appears to favor finite reservoirs, which leads to higher
fitness and consistency.® Indeed, a limited protein pool and a
high competition strength enable structures to assess one an-
other’s activity based on resource availability, with protein con-
centration influencing turnover rates and assembly.>%°%%

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Alexandra Colin
(alexandra.colin@cnrs.fr).

Materials availability
e This study did not generate new unique reagents.

Data and code availability
e All raw imaging data are freely available and will be shared by the lead
contact upon request.

Micropatterns: 2 independent experiments. Without competition, low-NPF density: n = 21 microwells. Without competition, high-NPF density: n = 25 microwells.
With competition, n = 42 microwells. Biochemical conditions: 4.5 um beads coated with 400 or 200 nM of SNAP-Strep-WA-His. [Actin] = 6 uM, [profilin] = 12 uM,
[Arp2/3 complex] = 90 nM, [capping protein] = 40 nM, [ADF/cofilin] = 800 nM, [CAP] = 400 nM.

Micropatterns: lipids with 0.5% of biotin; coating with 50 nM of SNAP-Strep-WA-His. [Actin] = 6 uM, [profilin] = 12 uM, [Arp2/3 complex] = 90 nM, [capping

protein] = 40 nM, [ADF/cofilin] = 400 nM, [CAP] = 200 nM.
See also Figure S4 and Videos S4 and S5.
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Figure 5. When too many structures are in competition, the actin monomer pool becomes limiting again

(A) Snapshots of microwells with various numbers of high-NPF-density beads (blue beads).

(B) Quantification of the percentage of low-NPF-density beads moving (orange beads), as a function of the number of high-NPF-density beads (blue beads) in the
microwell. Mean and standard deviation of the whole population are plotted.

(C) Interpretation scheme. With turnover, the repartition of resources is equal, and the monomer pool is not limiting until a certain number of structures are
reached. Biochemical conditions: 4.5 um beads coated with 400 or 200 nM of SNAP-Strep-WA-His. [Actin] = 6 pM, [profilin] = 12 uM, [Arp2/3 complex] = 90 nM,
[capping protein] = 40 nM, [ADF/cofilin] = 800 nM, [CAP] = 400 nM. Replicates: 2 independent experiments. 0 high-NPF-density beads: n = 8 microwells, 1 high-
NPF-density bead: n = 16 microwells, 2 high-NPF-density beads: n = 29 microwells, 3 high-NPF-density beads: n = 23 microwells, 4 high-NPF-density beads: n =
20 microwells, 5 high-NPF-density beads: n = 8 microwells, 6 high-NPF-density beads: n = 11 microwells, 7 high-NPF-density beads: n = 3 microwells, 8 high-

NPF-density beads: n = 1 microwell.
See also Figure S4 and Video S6.

e This paper does not report original code.
o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

BL21 (DE3) pLysS Merck Cat# 69451
Rosettas 2 (DE3) p Lys S Merck Cat# 71403

Biological samples

Bovine Thymus
Rabbit Muscle Acetone powder

Slaughterhouse
Pel-Freez Biologicals

Cat# 41995-2

Chemicals, peptides, and recombinant proteins

Hellmanex Il - Hellma Analytics

NOA 81 Norland Optical Adhesive 81 (Norland
Products INC, PN 8101)

PDMS (Dow, SYLGARD 184 silicone
elastomer kit)

Mineral oil (Paragon scientific Viscosity
Reference Standard RTM13)

mPEG-Silane MW 30k

Sigma-Aldrich
Thorlabs

Samaro

ThermoFisher Scientific

Creative PEGWorks

Z805939-1EA
NOA81

DE9330

13536020

Cat# PSB-2014

Alexa Fluor 488 C5 Maleimide ThermoFisher Scientific Cat# A10254
Alexa Fluor 568 NHS Ester ThermoFisher Scientific Cat# A20003
Fluoresbrite BB Carboxylate 4.5 microns Biovalley 18340-5
Polybead Carboxylate Microspheres 4.50 Biovalley 17140-5
microns

L-a-phosphatidylcholine (EggPC) Avanti 840051C
DSPE-PEG(2000) Biotin (1,2-distearoyl-sn- Avanti 880129C-10mg chloroform
glycero-3 phosphoethanolamine-N-

[biotinyl(polyethylene glycol)-2000],

ammonium salt

ATTO 390 labeled DOPE (ATTO-TEC, AD 390- Avanti AD 390-161 dehydrated
161 dehydrated)

Liquid PLPP Primo Alveole PLPP
Trichloro (1H,1H,2H,2H,perfluorooctyl) silane Sigma Aldrich 448931
Methylcellulose (1500cP) Sigma Aldrich MO0387

ATP Sigma-Aldrich A3377

DTT Sigma-Aldrich D9779
DABCO Sigma-Aldrich D27802

BSA Sigma-Aldrich A7030

Human Profilin 1 (Uniprot PO7737) This study

Yeast cofilin (Uniprot Q03048) This study

Snap-Streptavidin-WA-His (Uniprot P42768) This study

Mouse Capping Proteins (a & b subunits, This study

Uniprot P47754 and P47757)

Cyclase Associated Protein (Uniprot P40124) This study

Critical commercial assays

HiPrep26/60 Sephacryl S-300 High resolution Sigma-Aldrich GE17-1196-01
HiLoad 16/60 Superdex 200 prep grade Sigma-Aldrich 17-1069-01
Glutathione Sepharose 4B Sigma-Aldrich GE17-0756-05
HiTrap SP HP Sigma-Aldrich GE17-1151-01
Sephadex G-25 Sigma-Aldrich G25150
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
HisTrap HP Cytiva 17524802
Recombinant DNA

pET30a Snap-Strep-WA-His (Kanamycin Colin et al.*®

resistance)

pSUMOck4-MmCAP1(2-474) (Insert: Mouse Kotila et al.® pPL1358

CAP1 full length),kanamycin resistance

PGEX GST-Yeast-cofilin1(D34C), carbenicillin
resistance

pPMW172 Human profilin1 (@ampicilin resistance)

PRFSDuet-1 His-Mouse Capping-Protein (o./f)
(carbenicillin resistance)

Suarez et al.”*

Almo et al.>®

Boujemaa-Paterski et al.””

Software and algorithms

Prism 10 (v10.1.0)

Fiji

NIS-Elements

R software (4.2.1)

Graphpad Software
National Institutes of Health
(Open Source Software)

Nikon Instruments

R Foundation

https://www.graphpad.com/
scientificsoftware/prism/

https://fiji.sc

https://www.microscope.healthcare.nikon.
com/en_EU/products/software/nis-elements

https://cran.rstudio.com/

Other

Coverglasses 2020 mm n°1.5
Superfrost Microscope Slides

VWR
VWR

630-2101
631-0705

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Protein purification

Actin was purified from rabbit skeletal-muscle acetone powder.°® Monomeric Ca-ATP-actin was purified by gel-filtration chroma-
tography on Sephacryl S-300 at 4°C in G buffer (2 mM Tris-HCI, pH 8.0, 0.2 mM ATP, 0.1 mM CaCl,, 1 mM NaNz and
0.5 mM dithiothreitol (DTT)). Actin was labelled on lysines with Alexa-568.°" All experiments were carried out with 5% labelled
actin. The Arp2/3 complex was purified from calf thymus according to”®°%. The Arp2/3 complex was purified from bovine thymus.
Calf thymus was cut into approximately 1 cm pieces and mixed with extraction buffer (20 mM Tris pH 7.5, 25 mM KCI, 1 mM MgCl,,
5% glycerol, protease inhibitors) for 1-2 minutes, then shaken in a beaker for 30 minutes. The extract was then centrifuged in a
benchtop centrifuge at 1700x g for 5 minutes, and the supernatant clarified at 39,000 xg for 25 minutes at 4°C. The supernatant
was then filtered over glass wool, the pH was fixed at 7.5 with KOH and centrifugation was carried out at 140,000x g at 4°C for 1
hour. The medium aqueous phase was transferred to a chilled glass beaker, the extract was precipitated with 50% ammonium
sulfate and centrifuged at 39,000 x g for 30 minutes at 4°C. The pellet was resuspended in 10 mL extraction buffer with 0.2 mM
ATP, 1 mM DTT and protease inhibitor. It was then dialyzed overnight in Arp2/3 dialysis buffer (20 mM Tris pH 7.5, 25 mM KCl,
1 mM MgCl,, 5% glycerol, 1 mM DTT and 0.2 mM ATP). A GST-WA glutathione sepharose column was prepared and washed
with extraction buffer containing 0.2 mM ATP, 1 mM DTT and protease inhibitors. The dialyzed extract was passed over the
GST-WA column. Next, the column was washed with 20 mL extraction buffer with 0.2 mM ATP, 1 mM DTT and then with 20
mL extraction buffer with 0.2 mM ATP, 1 mM DTT and 100 mM KCI. The Arp2/3 complex was eluted with 20 mL extraction buffer
with 0.2 mM ATP, 1 mM DTT and 200 mM MgCl,, then dialyzed in source buffer A (piperazine-N,N’-bis(2-ethanesulfonic acid)
(PIPES) pH 6. 8, 25 mM KCI, 0.2 mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), 0.2 mM MgCl,
and 1 mM DTT) overnight. The Arp2/3 complex was then loaded onto a MonoS column and eluted with source buffer B (pipera-
zine-N,N’-bis(2-ethanesulfonic acid) (PIPES) pH 6.8, 1 M KCI, 0.2 mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraace-
tic acid (EGTA), 0.2 mM MgCI2 and 1 mM DTT). The Arp2/3 complex was dialyzed in storage buffer (10 mM Imidazole pH 7.0,
50 mM KCI, 1 mM MgCl,, 0.2 mM ATP, 1 mM DTT and 5% glycerol), flash-frozen in liquid nitrogen and stored at -80°C. Human
profilin was expressed in BL21 DE3 pLys Escherichia coli cells and purified according to.?® Mouse capping protein was purified
according to.”? Briefly, Capping Protein was expressed in Rosetta2 DE3 pLys S in LB carbenicillin (100 pg/ml). Culture were grown
until OD 600nm is 0.6 and induced with 0.5 mM IPTG at 26°C overnight. Cells were pelleted and resuspended in Buffer 1 (20 mM tris
pH 8.0, 250 mM NaCl, 10mM Imidazole, 5% Glycerol, 1 mM DTT, 1 mM EDTA ) + protease inhibitors cocktail tablet. Cells were
sonicated and centrifuged at 16 000 rpm in a JA20 beckman rotor. Supernatant was applied to 1 mL of Ni sepharose fast flow
resin (GE healthcare). After one hour at 4°C under gentle rotation, resin was washed with 20 volumes of Buffer 1 containing 50
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mM Imidazole. Elution was performed with buffer 1+ 300 mM Imidazole. Purified protein was dialysed over night against a storage
buffer (20 mM Tris pH 8.0, 1 mM DTT, 1 mM EDTA, 0.2 mM CacCl,), flash frozen in liquid nitrogen and stored at -80°C. Yeast cofilin
was purified and fluorescently-labelled according to.®* Briefly, D34C mutant S. cerevisiae ADF/cofilin was expressed in Escher-
ichia coli strain Rosetta2(DE3)pLysS and purified. The D34C mutant ADF/cofilin was then labeled on Cys34 with Alexa-488 C5Mal-
eimide as follow: ADF/cofilin was dialysed in 10 mM Tris pH 8, 150 mM NaCl, 2 mM EDTA, 2 mM TCEP, incubated with 8 excess of
Alexa-488 C5 Maleimide for two hours at 4°C, and separated on a Sephadex G-25 gel filtration column. Labeled ADF/cofilin was
flash frozen in liquid nitrogen and stored in buffer (10 mM Tris pH 8, 150 mM NaCl, 2 mM EDTA, 2 mM DTT) at -80°C. The full-length
mouse cyclase associated protein 1 (CAP1) was purified in a similar fashion as described in °°. To describe briefly, the CAP1 pro-
tein was expressed in E.coli cells (Sigma) in LB medium at +16°C for 30 hours. The bacteria were pelleted and resuspended to
buffer A (50 mM Tris pH 7.5, 150 mM NaCl, 25 mM imidazole) and lysed by sonification in the presence of protease inhibitors
(200 pg/ml PMSF, 1 pg/ml leupeptin, 1 ug/ml aprotinin, 1 pg/ml pepstatin A, 150 pg/ml benzamidine hydrochloride, all from
Sigma-Aldrich). The supernatant, clarified by centrifugation, was then loaded to a 5 mL HisTrap Ni-NTA column coupled to
AKTA Pure protein purification system (GE Healthcare). The His-SUMO-tagged CAP1 protein was eluted from the nickel column
with an imidazole gradient using buffer A and buffer B (buffer A + 250 mM imidazole), and the main peak fractions were collected
and concentrated with Amicon Ultra-15 30 kDa cutoff centrifugal filter device. The His-SUMO-tag was then cleaved from the CAP
protein in the presence of SENP2 protease, after which the cleaved protein was subjected to gel filtration runs by using Superose 6
increase 10/300 GL gel filtration column equilibrated in 5 mM HEPES, 100 mM NaCl, 1 mM DTT, 1 ug/ml leupeptin, pH 7.4. Peak
fractions from the same elution volume were combined, concentrated as above and snap-frozen with liquid N, for long term stor-
age at -75°C. Snap-Streptavidin-WA-His was purified as described in.** Snap-Streptavidin-WA-His (pETplasmid) was expressed
in Rosetta 2 (DE3) pLysS (Merck, 71403). Culture was grown in TB medium supplemented with 30 pg/mL kanamycine and
34 pg/mL chloramphenicol, then 0.5 mM IPTG was added and protein was expressed overnight at 16 °C. Pelleted cells were re-
suspended in Lysis buffer (20 mM Tris pH8, 500 mM NaCl, 1 mM EDTA, 15 mM Imidazole, 0,1% TritonX100, 5% Glycerol, 1 mM
DTT). Following sonication and centrifugation, the clarified extract was loaded on a Ni Sepharose high performance column (GE
Healthcare Life Sciences, ref 17526802). Resin was washed with Wash buffer (20 mM Tris pH8, 500 mM NaCl, 1 mM EDTA, 30 mM
Imidazole, 1 mM DTT). Protein was eluted with Elution buffer (20 mM Tris pH8, 500 mM NaCl, 1 mM EDTA, 300 mM Imidazole,
1 mM DTT). Purified protein was dialyzed overnight 4°C with storage buffer (20 mM Tris pH8, 150 mM NaCl, 1 mM EDTA,
1 mM DTT), concentrated with Amicon 3KD (Merck, ref UFC900324) to obtain concentration around 10 uM then centrifuged
at 160,000 x g for 30 min. Aliquots were flash frozen in liquid nitrogen and stored at —80 °C.

Polystyrene beads coating

Polystyrene beads coating with NPF was done following classical protocols.*® 20 uL of 4.5 um polystyrene beads (Fluoresbrite BB
Carboxylate Microspheres, 2.5% solids) were centrifuged at 13, 000 g for 2 minutes on a mini spin plus Eppendorf centrifuge (Rotor
F45-12-11). The pellet was then resuspended in 200 pL of a 400 nM or 200 nM Snap-Streptavidin-WA-His solution. Beads were incu-
bated for 15 minutes at 15°C at 950 rpm in a thermoshaker. They were then centrifuged for 2 minutes at 3800 g, resuspended in
200 pL of BSA 1% and let on ice for 5 minutes. Beads were finally centrifuged again 2 minutes at 3800 g and resuspended in
50 pL of BSA 0.1%. The bead coating was redone every day.

Estimation of protein density on beads

For a coating with 400 nM of NPF, we estimate that we have about 7,6 NPF molecule per 100 nm?. Therefore, for a coating with
200 nM of NPF, this represents about 3,8 NPF molecule per 100 nm2. These number are in the same order of magnitude as the con-
ditions used in.*®

Microwells preparation

Microwells used in this study have a diameter of 100 um and a height of 40 pm, giving them a volume of about 314 pL. SU8 mold with
pillars was prepared using standard protocols and silanized with Trichloro(1H,1H,2H,2H-perfluoro-octyl)silane for 1 hour and heated
for 1 hour at 120°C. From the SU8 mold, a PDMS primary mold was prepared (Dow, SYLGARD 184 silicone elastomer kit) witha 1:10
w/w ratio of curing agent. PDMS was cured at 70°C for at least 2 hours. PDMS primary mold was then silanized with Trichlor-
o(1H,1H,2H,2H-perfluoro-octyl)silane for 1 hour and heated for 2 hours at 100°C. PDMS was then poured on top of the PDMS primary
mold to prepare the PDMS stamps.

Coverslips were cleaned with the following protocol: they were first wiped with ethanol (96%) then sonicated 30 minutes in Hell-
manex 2% at 60°C. After the sonication, coverslips were rinsed in several volumes of mqH,O and kept in water until use. Just before
use, coverslips were dried with compressed air.

For the microwells preparation, PDMS Stamps were cut in pieces and placed on the coverslips with the pillars facing the coverslip.
Adrop (5 puL) of NOA 81 (Norland Products) was then placed on the side of the PDMS stamp and NOA was allowed to go through the
PDMS Stamp by capillarity. When the NOA filled all the stamp, it was polymerized with UV light for 12 minutes (UV KUB2/ KLOE;
100% power). After polymerization of the NOA, PDMS stamp was removed and the excess of NOA was cut. Then, an additional
UV exposure of 2 minutes was done and the microwells were placed on a hot plate at 110°C for at least 3 hours (or at 60°C overnight)
to tightly bind the NOA to the glass.
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Lipids/SUV preparation

For regular microwell passivation, L-a-phosphatidylcholine (EggPC) (Avanti, 840051C, 10 mg/mL) was used. The SUV were prepared
as following: 100 pL of lipids were introduced in a glass tube and the mixture was dried with nitrogen gas. The dried lipids were incu-
bated in a vacuum overnight. After that, the lipids were hydrated in the SUV buffer (10 mM Tris (pH 7.4), 150 mM NaCl, 2 mM
CaCly). The mixture was sonicated on ice for 10 minutes. The mixture was then centrifuged for 10 min at 20,238 x g to remove large
structures. The supernatants were collected, stored at 4°C and used for up to 3 weeks.

For the lipids used for the micropatterning, same protocol was used. The lipid mix was composed of L-a-phosphatidylcholine
(EggPC) (Avanti, 840051C), DSPE-PEG(2000) Biotin (1,2-distearoyl-sn-glycero-3 phosphoethanolamine-N-[biotinyl(polyethylene
glycol)-2000], ammonium salt, Avanti, : 880129C-10mg chloroform) and ATTO 390 labeled DOPE (ATTO-TEC, AD 390-161
dehydrated). Lipids were mixed in glass tubes as follows: 98.5% EggPC (10 mg/mL), 0.5% DSPE-PEG(2000) Biotin (10 mg/mL)
and 1% DOPE-ATTO390 (1 mg/mL).

SilanePEG30k slides

SilanePEG (30kDa, PSB-2014, Creative PEG works) was prepared at a final concentration of 1 mg/mL in 96% ethanol and 0.1%(v/v)
HCI. Slides were cleaned with the following protocol: they were sonicated for 30 minutes at 60°C in Hellmanex 2%. They were then
rinsed with several volumes of mgH,O and dried with compressed air. Slides were then plasma cleaned for 5 minutes at 80% power
and directly immersed in the silanePEG solution. They were kept in the silanePEG solution until use.

Bead motility assay in microwells

A typical experiment of bead motility in microwells was performed as follows. The coverslip with microwells was activated with
plasma for 2 minutes at 80% power. Just after the plasma, the flow chamber was mounted with the microwells coverslip, a slide
passivated with SilanePEG 30k and 180 pum height double-side tape. Lipids were then inserted in the flow chamber and incu-
bated for 10 minutes. Lipids were then rinsed with 1 mL of SUV buffer and 200 pL of 1x HKEM buffer (50 mM KCI, 15 mM
HEPES pH=7.5, 5 mM MgCl,, 1 mM EGTA). The reaction mix with the different proteins was then prepared and flowed in
the flow cell.

A typical reaction mix (60 pL) was prepared with beads coated with WA (activator of the Arp2/3 complex) and 6 uM of actin mono-
mers, 12 pM profilin, 90 nM Arp2/3 complex, 40 nM Capping Protein in HKEM Buffer and was supplemented with 0.7% BSA, 0.2%
methylcellulose, 2.7 mM ATP, 5 mM DTT, 0.2 mM DABCO (motility buffer). When needed the polymerization mix was also supple-
mented with yeast cofilin and/or cyclase associated protein (CAP). The microwells were then closed with mineral oil (Paragon scien-
tific Viscosity Reference Standard RTM13). The whole flow cell was then sealed with VALAP and directly imaged under the
microscope.

Micropatterning in microwells

Micropatterning in microwells is done with the Primo device (Alveole). Prior to micropatterning, the microwells were activated with
plasma for 5 minutes at 80% power and directly immersed in a SilanePEG (30k, cf section above) solution overnight. They were rinsed
with ethanol and water just before use. A flow chamber was then built with the microwells and a slide passivated with SilanePEG with
a double-side tape of 250 um. Liquid photo initiator (PLPP) was then introduced in the flow chamber. Patterns were designed in Ink-
scape and loaded into the pmanager’s Leonardo plugin (Alveole). The burning was done at 90 mJ at 100% of a 5.6 mW 365 nm wave-
length laser. The flow chamber was then rinsed with 1 mL of water and 400 pL of SUV Buffer to remove the PLPP. 80 puL of SUV so-
lution was then added and incubated for 10 minutes at room temperature for an effective lipid coating. The excess of SUV was
washed out by passing 400 pL of SUV Buffer and 200 uL of 1x HKEM. The flow chamber was then passivated with 200 pL of
0,1% BSA diluted in 1x HKEM for 2 minutes and then rinsed with 400 pL of 1x HKEM. The NPF (Snap-Streptavidin-WA-His,
50 nM diluted in 1x HKEM and 0,1% BSA) was then injected in the flow chamber and the coating was done by letting incubate
for 10 minutes at room temperature. The excess of NPFs was washed out by passing 1 mL of 1x HKEM. The reaction mix was
then introduced (60 uL) and the microwells were subsequently closed with oil.

Imaging
Most of the experiments were done with an epifluorescence system (Ti2 Nikon inverted microscope equipped with a Hamamatsu
Orca Flash 4.0 LT Plus Camera). The following objectives were used: Plan Fluor 10X DIC and S Plan Fluor ELWD 20X DIC. Time lapse
were acquired with the NIS elements software (version 4.60).

Z-stacks of actin networks grown on micropatterns in microwells were performed with a confocal spinning-disc system (EclipseTi-
E Nikon inverted microscope equipped with a CSUX1-A1 Yokogawa confocal head, an Evolve EMCCD camera (Photometrics), and a
Plan Fluor 40X objective). Z-stacks were acquired with Metamorph software (Universal Imaging). Three-dimensional reconstructions
were performed with the UCSF Chimera package. Chimera is developed by the Resource for Biocomputing, Visualization, and Infor-
matics at the University of California (San Francisco) with support from the National Institutes of Health (National Center for Research
Resources grant 2P41RR001081, National Institute of General Medical Sciences grant 9P41GM103311).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis

Images were analyzed with customed macros written in FiJi.'°° Data were then processed with R software and plotted with
GraphPad Prism. Mean and standard deviation are represented for all the data. The dot plots show the individual values with the
mean and standard deviation superimposed. Fits, calculation of correlation coefficient and statistical tests were done with
GraphPad Prism. All the statistical information regarding replicates values can be found in figure legends.

Characterization of structure size for beads experiments

Actin comets were detected with the following procedure. First, threshold was adjusted manually and images were
binarized. Actin comet area was obtained from the results of the Analyze particles function. Comet length was obtained with
the ‘“skeletonize” and “analyze skeleton” functions. Tracking of comets and fluorescent beads was then done with the
TrackMate plugin using the thresholding or LoG detectors respectively.'®" In order to reduce experimental noise, the various
quantities measured were averaged over one hour. For conditions without turnover, they were averaged between 200 and
260 minutes (dashed box, Figure 1C). For conditions with turnover, they were averaged between 120 and 180 minutes (dashed
box, Figure 2C).

Characterization of structure size for micropatterns experiments

For experiments performed with micropatterns, since networks are growing in 3D, the area of the actin structure grown from the mi-
cropattern is more complicated to estimate. This is why we quantified the total quantity of actin polymerized from the micropattern.
Similar to the analysis done for the beads, we used a thresholding of the fluorescence image of the actin channel. We then applied the
Analyze particles function to the thresholded image to get ROls of actin network grown on each pattern. We then measured the total
actin intensity in the ROlIs corresponding to each pattern that we report as Quantity of actin polymerized (in arbitrary units).

Estimation of the ratio of actin consumed from bulk in the comet tail

To estimate the total quantity of actin in the microwell, we estimated the total fluorescence intensity. This value was constant during
the time course of an experiment showing that the actin in the microwell is constant during an experiment. The quantity of actin inside
a comet tail was estimated after thresholding and binarization of the comet. Those two fluorescence intensities were corrected for the
fluorescence background. Then, we estimated the ratio of actin consumed from the bulk in the comet by computing the comet fluo-
rescence over the total fluorescence of the microwell. We then came back to an actin concentration by considering that total fluo-
rescence of the microwell corresponds to the initial amount of actin introduced in the microwell. The estimated bulk actin concen-
tration is approximately 2 uM, which exceeds the critical concentration for barbed-end assembly (0.1 uM). This indicates the
presence of a fraction of actin in the bulk solution within the microwell, contributing to additional competition for the growth of
branched structures on the beads.

Estimation of protein quantity in microwells and of their consumption in experiments

We estimated the protein quantity in the microwells used in this study (Diameter of 100 um, height of 40 um, which gives a volume of
314 pl), Figure S1C. Following the same logic as the estimation we made in our previous study*®: about 60% of the initial actin
amount is polymerized (in conditions without turnover) which represents 6.6e® monomers polymerized. Therefore, total length of
all filaments polymerized is 6.6e%+2.7 = 1,7e¢® um (2.7 nm being the size of an actin monomer). Mean filament length is around
300 nm so we have about 5.7¢° filaments and we consider that there is one Arp2/3 complex and one capping protein per filament.
We found that about 33% of the Arp2/3 complex available is consumed in the comet tails, indicating that a global depletion of the
Arp2/3 complex is unlikely. In addition, about 76% of Capping protein is consumed in the comet tails. However, as we do not see
fishbone patterns appearing on the comet tails as a function of time, ' we conclude that capping protein is not limiting in the assay.
Therefore, we conclude that neither the Arp2/3 complex nor the capping protein is significantly limiting under our experimental con-
ditions (Figure S1C).
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