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PHYSICAL SCIENCES

Programmed mechano-chemical coupling in

reaction-diffusion active matter

Anis Senoussi*t, Jean-Christophe Galas*, André Estevez-Torres*

Embryo morphogenesis involves a complex combination of self-organization mechanisms that generate a great
diversity of patterns. However, classical invitro patterning experiments explore only one self-organization
mechanism at a time, thus missing coupling effects. Here, we conjugate two major out-of-equilibrium patterning
mechanisms—reaction-diffusion and active matter—by integrating dissipative DNA/enzyme reaction networks
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within an active gel composed of cytoskeletal motors and filaments. We show that the strength of the flow gener-
ated by the active gel controls the mechano-chemical coupling between the two subsystems. This property was
used to engineer a synthetic material where contractions trigger chemical reaction networks both in time and
space, thus mimicking key aspects of the polarization mechanism observed in C. elegans oocytes. We anticipate
that reaction-diffusion active matter will promote the investigation of mechano-chemical transduction and the

design of new materials with life-like properties.

INTRODUCTION
Living embryos get their shape through a complex combination of
biochemical and mechanical mechanisms that process morphoge-
netic information according to two prototypical modes (1): a deter-
ministic and a self-organized one. In the deterministic mode, genes
determine biochemical reactions that influence mechanical deform-
ations of cells and tissues following a hard-wired program. In the self-
organized mode, biochemical reactions and mechanical processes
generate large-scale spatiotemporal order from an initial homoge-
neous situation. Order thus arises through chemical and mechanical
instabilities that amplify random fluctuations into patterns with
well-defined length and time scales (2). Two key points characterize
the self-organization mode: It is an intrinsically nonequilibrium
process that continuously dissipates energy, and couplings occur in
both directions between the biochemical and the mechanical sub-
systems (1). Self-organization arises, for instance, during the early
development of C. elegans, where local contractions of the actomyosin
cortex induce cytoplasmic flows that trigger a reaction-diffusion insta-
bility in the PAR reaction network, inducing embryo polarization (3).
Both the deterministic and the self-organization mechanisms
are useful conceptual frameworks to produce life-like synthetic
materials and to investigate morphogenetic models in a controlled
environment for testing theoretical predictions (4, 5). Inspired by
the self-organization mode, here, we explore in vitro the coupling of
two independent self-organizing molecular subsystems, a mechani-
cal and a chemical one. The investigation of self-organization in vitro
has been a subject of intense scrutiny for several decades. Chemical
self-organization arises from reaction networks driven out of equi-
librium by the consumption of a chemical fuel. It produces spatio-
temporal concentration patterns through reaction or reaction-diffusion
instabilities that have been observed in vitro from a reduced set of
chemistries (6—13). Mechanical self-organizationemerges in active
miatter, which converts chemical energy into mechanical work, generating
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fluid flows through hydrodynamic instabilities (14). Molecular ac-
tive matter is generally made of cytoskeletal motors and filaments
reconstituted in vitro (4). So called active gels produce a variety of
static patterns (15), flows (16—20), or both (21-24).

In addition to studying chemical and mechanical self-organization
independently, efforts have also focused on coupling chemistry and
mechanics in self-organized systems. Classical experiments used
redox oscillators such as the Belousov-Zhabotinsky reaction to
drive the mechanical perturbation of a hydrogel and create self-
oscillating gels (25, 26). There, chemical self-organization was trans-
lated into changes in the mechanical properties of a material but the
latter was unable of mechanical self-organization by itself. Other
important works report DNA reactions that control the mechanical
properties of either passive (27) or active gels (28—30). However, in
these examples, only one of the two systems could be maintained
out of equilibrium, either the reaction network (25), or the gel (27-31),
and thus only one of them could exhibit spatiotemporal self-
organization. A notable example created a chemo-mechano-chemical
oscillator, a class of temporal self-organization, by combining chemical
and mechanical feedbacks (32). In this case, self-organization emerged
through the coupling of two subsystems that were unable to self-
organize when considered independently. In contrast, embryo de-
velopment establishes couplings between chemical and mechanical
subsystems that are, each of them, independently capable of self-
organization (1, 33, 34). It is thus important to design self-shaping
materials that couple two self-organizing subsystems, as recently
shown by Gavriljuk et al. (35).

RESULTS

To create a functional mechano-chemical dissipative material, we
assembled two dissipative molecular subsystems, a chemical and a
mechanical one. The chemical subsystem is made of a network of
DNA/enzyme reactions that produce single-stranded DNA (ssDNA)
molecules (Fig. 1A) (12). The mechanical subsystem is an active gel
composed of bundles of protein filaments propulsed by molecular
motors (Fig. 1B) (15, 17). Each subsystem is maintained out of equi-
librium via the hydrolysis of high-energy compounds, respectively,
deoxynucleoside triphosphates and adenosine triphosphate (ATP).
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The chosen chemical subsystem has four advantages. First,
because of DNA hybridization rules, it can be easily reprogrammed
into a variety of dissipative dynamics such as oscillations (36),
bistability, and excitability (37). Second, it can be maintained out of
equilibrium in a closed reactor for days (38). Third, working in water
at pH 7, it is a priori compatible with other biochemical reactions
(39). Last, it generates a variety of reaction-diffusion patterns such
as traveling fronts (40), waves (13), and stationary patterns (41). In
a first series of experiments, the chemical subsystem encoded an
autocatalytic loop that produces ssDNA species A, the node, in the
presence of sSDNA Taa, the template, a polymerase and a nicking
enzyme (Fig. 1A) (12).

In the mechanical subsystem, the bundles are constituted of sta-
bilized microtubule filaments assembled together by attracting forces
generated by the presence of a depletion agent (Fig. 1B) (17). The
motors are clusters of kinesin-1 and thus can bind several micro-
tubules at once (see Materials and Methods). Such an active gel
generates macroscopic flows that, depending on the concentration
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of motors and filaments, produce a diversity of microtubule
morphologies (4, 5): local contractions (15), corrugations (24),
chaotic flows (17), and global contractions (21). In the following, we
demonstrate that, when mixed together, the two subsystems retain
their ability to undergo, respectively, chemical and mechanical
instabilities that generate spatiotemporal patterns. We further show
that the strength of the active flow generated by the mechanical
subsystem controls the mechanochemical coupling between the
two subsystems (Fig. 1D). Last, we take advantage of this property
to design materials that mimic the mechano-chemical transduc-
tion mechanism defining the polarity of the C. elegans embryo
(Fig. 1E) (3).

To check whether the two subsystems remained functional when
combined in an optimized buffer (fig. S1), we tested the propaga-
tion of a DNA front through and active gel undergoing local con-
tractions. To do so, a solution containing all the components of the
chemical and mechanical subsystems, except the strand A, were
filled into a microchannel.
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Fig. 1. In a reaction-diffusion active matter system, the mechano-chemical coupling is controlled by the strength of the active flow and it can be used to engineer
mechano-chemical transduction in a synthetic material. (A) Scheme of the chemical subsystem involving the autocatalytic amplification of DNA strand A in the pres-
ence of enzymes and template strand Taa. Harpoon-ended arrows denote ssDNA. (B) Cartoon of the mechanical subsystem: an active gel formed by microtubules bun-
dled together by a depletion agent and clusters of kinesin-1 motors. (C) Sketch of the channel in which the DNA front propagation and the active gel dynamics were
observed by fluorescence microscopy. In most experiments, A (yellow) is initially present only on the left side and the microtubule bundles (light blue) are aligned along
x. (D) A mechano-chemical coupling between the two subsystems is achieved by increasing the strength of the flows generated by the active gel, which induces four
different microtubule structures (light blue) and two DNA patterns (yellow). The white arrows represent the hydrodynamic flows generated by the active gel. Fluores-
cence images of the microtubules are represented for each morphology. Scale bars, 0.5 mm. (E) When the initial condition of DNA A is homogeneously distributed and
the kinetics of DNA autocatalysis depend on the density of the active gel, gel contraction is transduced into a DNA propagating front starting at the position of the con-
tracted gel.
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An initial condition containing the same solution supplemented
with A was injected on the left side of the channel (Fig. 1C). We
recorded the spatiotemporal dynamics of each subsystem by fluo-
rescence microscopy thanks to the presence of a DNA intercalator
that becomes fluorescent upon binding to double-stranded DNA
(dsDNA) and of fluorescently labeled microtubules (see Materials
and Methods). In the chemical subsystem, we observed the propa-
gation of a front of DNA fluorescence with constant velocity v, =
20 mm/min across the whole length of the active gel, i.e., >1 cm
(Figs. 1D and 2A, fig. S2, and movie S1). Concomitantly, in the me-
chanical subsystem the microtubules contracted locally with a char-
acteristic time ty,, = 50 min into aggregates with a typical size of 100
to 500 mm. The observation of a DNA front and microtubule aggre-
gates is in agreement with previous reports for each subsystem tak-
en independently (15, 40).

When the active gel produces local contractions, the dynamics of
each subsystem can be independently tuned. Increasing the poly-
merase concentration, [pol], increases the front velocity, v, until
reaching a plateau at 22 mm/min (Fig. 2B). In these conditions, the
characteristic contraction time t, remained constant. We find a
scaling ve  [pol]*2, in agreement with previous results (40) and
characteristic of Luther reaction-diffusion dynamics where v, r%’ 2
taking ro  [pol] for the rate of the autocatalytic reaction as ob-
served in previous experiments (40). In turn, when the motor con-
centration, [motor], increases, t, decreases until reaching a plateau
at 100 min (Fig. 2C) and the size of microtubule aggregates increases
(fig. S3), while v remains constant. A hydrodynamic model of a con-
tracting active gel (5) yields t.}  z([motor]), where z is the strength
of the gel activity, which depends on the motor concentration, and
two scalings are found in the literature (18, 42) yielding t, [motor] ™,
with a=1or 2 (Supplementary Text). Our data are compatible with
both scalings (Fig. 2C). In summary, Fig. 2 shows that the two sub-
systems are both chemically and mechanically decoupled when the
gel undergoes local contractions.

By varying the conditions, we can propagate the chemical front
through active gels undergoing other spatial instabilities associated
with different active flow strengths, as sketched in Fig. 1D. When
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the 2’-deoxyguanosine 5’-triphosphate (dGTP) concentration was
reduced (figs. S4 and S5), chaotic flows were observed in the me-
chanical subsystem during several hours before local contractions
occurred (movie S2). Such flows did not modify the velocity of the
chemical front because transport remained dominated by Brownian
diffusion. The velocity of the flow was estimated to be vy, = 8 mm/min,
which, considering the typical size of a fluid vortex, I, = 125 mm,
and the diffusion coefficient of DNA A, Da = 12 x 10° mm?min, yields
a Péclet number Pe = viyln/Da = 0.08 (Supplementary Text). Note,
however, that kinesin/microtubule active gels may reach flows up to
600 mm/min (43), which would result in Pe = 5 and thus in a substan-
tial perturbation of the front by the flow. Such large flows were not
observed here. When microtubules were stabilized using taxol, which
increases their average length, and the motor concentration reduced,
the active gel formed corrugations reminiscent of those previously
reported in the absence of the chemical subsystem (24), again with-
out perturbing the chemical front (movie S3).

In contrast, a marked perturbation of the front propagation was
observed when the active gel underwent a global contraction, asso-
ciated with large hydrodynamic flows characterized by a high Péclet
number (Fig. 3, figs. S6 to S11, and movie S4). Global contractions
were observed for long microtubules and relatively high motor con-
centrations (fig. S7). When the gel contracted more rapidly than the
front propagated, the front moved faster and we distinguished four
phases (Fig. 3C). During phase |, the active gel contracted rapidly toward
the center of the channel, accelerating until reaching a maximum velocity
Vm = 400 mm/min at the end of phase | and dragging DNA along,
which formed a detached DNA islet ahead of the front. During phase
Il the gel decelerated and the DNA islet was diluted in the xy plane
resulting in a front with a skewed profile fivefold wider than the initial
one (fig. S6). Throughout phases | and 11, the Péclet number was greater
than 1 (fig. $8), indicating that active convection predominated over
diffusion. Last, when the active gel stopped contracting, the DNA front
slowly recovered a sigmoidal shape (phase IlI; fig. S6) and eventually
reached a steady state with constant velocity and width (phase V).

In a control experiment with a passive dye, only phases | and 11
were observed, indicating that reaction was necessary for phases Il

B
.0 0.2 0.4
[pol] (% v/v)
C
0 10 20
[motor] (nM)

Fig. 2. A DNA/enzyme reaction-diffusion front propagates at constant velocity inside a locally contracting cytoskeletal active gel and the dynamics of each
subsystem can be independently tuned. (A) Time-lapse two-color image of the fluorescence intensities associated to species A (yellow) and to the microtubule network
(light blue) (see also movie S1). The dotted line indicates the velocity of the chemical front, v.. (B and C) Plots of v (yellow disks) and contraction time of the active gel,

tm, (blue crosses) for different concentrations of DNA polymerase (B) and motors (C). The lines are fits to the data with v,
[motor] 2 (plain line). Error bars correspond to one SD from a triplicate experiment.

line), and t,
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Fig. 3. A globally contracting active gel stretches and accelerates a reaction-diffusion front. (A) Time-lapse, two-color fluorescence image with the DNA front in
yellow and the microtubules in light blue. The inset shows the two fluorescence channels in separate images for the selected region. The white and yellow spots are dust
particles concentrated by the contracting gel (see also movie S4). (B) Position of the DNA front along x for different motor concentrations. (C) Time-lapse images of DNA
fluorescence (color) at [motor] = 2.5 nM and 3 min per image. The extremities of the contracting gel are indicated with black markers. Roman numbers indicate the four
phases described in the text. (D) Stroboscopic image averaged over 50 min showing the trajectories of fluorescent beads during gel contraction, and the white arrows
indicate the sense of the flow (see also movie S5) and (E) plot of the bead velocity along x across the width of the channel for the beads in the red rectangle, 25 min after
the beginning of the contraction. (F) Maximal front velocity during phase | (crosses) and steady-state velocity during phase IV (disks) for different motor concentrations.
(G) Maximal front velocity during phase | versus maximal gel contraction velocity. Error bars correspond to one SD from a triplicate experiment.

and IV and that DNA islet formation was not related to the binding of  In the following, we will show that homogeneous concentration
DNA to the active gel (fig. S10). We confirmed the last interpretation by profiles can also be mechanically modulated and we will engineer
adding passive brownian beads to measure the hydrodynamic flow a mechano-chemical transduction pathway in this context. This
induced during contraction. We observed two counter-rotating fluid  is precisely what happens in the C. elegans embryo, where the ac-
rolls, symmetric along the central axis of the channel, x, and pro- tive flow generated by the actomyosin cortex breaks the sym-
ducing water flows along x that reached +150 mm/min in the center  metry of an initially homogeneous distribution of PAR proteins.
of the channel and —100 mm/min at its borders (Fig. 3, D and E; fig.  Later, this asymmetry is amplified by a PAR-dependent bistable
$11; and movie S5). We thus conclude that the stretching of the  reaction network, leading to embryo polarization (3). The reaction-
concentration profile of A leading to the formation of the DNA islet  diffusion active matter system developed here is a good candidate
during phase | was a purely hydrodynamic process. to mimic this process in a synthetic material. To do so, we first
The active gel contraction velocity, vy, was a sigmoidal function  need to implement a mechanism that couples a variation in the
of the motor concentration (fig. S7). We quantified the two main  microtubule concentration with a change in the concentration of
regimes of front propagation with max (v) the maximal velocity during  a DNA species that is initially homogeneously distributed. Second,
phase I and v, 'V the velocity at steadly state in phase IV. Figure 3F shows ~ we need to engineer a chemical network that amplifies this con-
that the former strongly depended on the motor concentration while  centration change.
the latter was independent. Last, the linear relationship between max The first requirement was fulfilled by attaching DNA strands to
(V) and v, is consistent with the observation of a convection-dominated ~ ~30-mm-diameter hydrogel beads, which were trapped by the micro-
transport during phase | (Fig. 3G). Together, these results show that  tubule mesh and concentrated during contraction. The second con-
when the flows generated by the active gel are sufficiently fast there  dition was satisfied by engineering a chemical subsystem whose
is a mechano-chemical coupling between the gel and the reaction-  kinetics depend on the concentration of DNA bead conjugates and
diffusion front. This coupling happens through hydrodynamics and thus on the contraction state of the gel. More precisely, the DNA
can be interpreted as a time-dependent Taylor dispersion (44). autocatalytic loop was split into two nodes, B and D, that cross-
We have just seen that active flows can substantially modify hetero-  activate each other thanks to the templates Tgp and Tpg (Fig. 4A).
geneous concentration profiles present in the chemical subsystem. By attaching each of these biotin-modified templates to a set of

Senoussi et al., Sci. Adv. 7, eabi9865 (2021) 17 December 2021 4 0f9
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streptavidin-coated hydrogel beads and supplementing the medium
with an exonuclease that degrades B and D (Fig. 4A) the cross-
catalysis kinetics become diffusion controlled (45) and thus should
depend on bead density. As a result, the beads brought together ina
contracted gel should activate faster, producing dsDNA that lights
them up in the presence of a DNA intercalator dye (Fig. 4B). When
both types of beads where embeddedin the active gel in the presence
of a homogeneous, low concentration of D, they first reached a
high density as the gel contracted and later they became fluores-
cent (Fig. 4, C and D, and movie S6), starting from the locations
where the two types of beads were closer to each other (fig. S13). In
the absence of contraction, the bead fluorescence amplification
was delayed (fig. S12) and its final amplitude reduced, both by a

C

TBD
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)

Inactivated Tgp beads

Inactivated Tos beads
Activated Tsp beads
Activated Toe beads

: Active gel

800

<l.> (a.u.)
D
o
o

factor 2 (Fig. 4D). As expected for diffusion-controlled kinetics, the
mechano-chemical DNA amplification dynamics slowed down with
increasing exonuclease concentration (Fig. 4D). Triplicate experi-
ments revealed the robustness of this mechano-chemical transduc-
tion process.

To show that the activated beads may trigger downstream reac-
tions in solution, we sought to use the contraction-driven cross-
autocatalytic network just described to trigger a propagating DNA
front. To do so, the cross-autocatalytic system of Fig. 4 (A and B) was
supplemented with freely diffusing templates Tga and Taa, which re-
spectively convert B into A and sustain the front-producing, autocatalytic
reaction of A outlined in Fig. 1A. In addition, to suppress the unde-
sired self-activation of Taa, a repressor strand R was added (Fig. 5A)

[motor] = 15 nM

[exo] (%) == Motor
0.000 == No motor
0.125
0.300
of
0 200 400 600
Time (min)

Fig. 4. A globally contracting active gel triggers a downstream reaction network with temporal control. (A) Scheme of the cross-autocatalytic DNA/enzyme net-
work (top). Plain and dotted arrows indicate activation and degradation reactions, respectively. Harpoon-ended arrows correspond to ssDNA and disks indicate hydrogel
beads carrying templates Tj;. Detailed mechanism of bead activation where the diffusion of B and D between beads is indicated (bottom). (B) Sketch of the mechano-
chemical activation of the reaction network in (A) through the contraction of the active gel (light blue) that brings the hydrogel beads (disks) close together, speeding up
cross-catalysis. The beads become bright upon the formation of dsDNA. (C) Time-lapse images of DNA fluorescence from the template-bearing beads embedded in the
active gel in the presence of motors. White dotted lines indicate the borders of the active gel and the channel walls are depicted in gray. a.u., arbitrary units. (D) Average
DNA fluorescence over the whole channel versus time in the absence (dotted line) and in the presence (plain line) of motors for different exonuclease concentrations
(colors). Shading around the lines corresponds to one standard deviation of three independent experiments.
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Fig. 5. The beads activated by the global contraction of the active gel trigger an autocatalytic front with spatial control. (A) Scheme of the bead-associated
cross-autocatalytic network coupled to the autocatalysis of A in solution. Disks indicate templates linked to hydrogel beads. The blunt-ended arrow indicates repression.
(B) Time-lapse images of DNA fluorescence in the channel for the network in (A), in the presence (left) and in the absence (right) of motors. The bright spots are the beads,

the arrows indicate the start of the fronts of A, in yellow.

(37). In the presence of motors, the beads were all activated within
2 hours at the center of the channel, where the gel contracted, and
they triggered a controlled front of A that propagated from the cen-
ter of the channel to its extremities (Fig. 5B and movie S7). In con-
trast, in the absence of gel contraction, the beads randomly activated
over the course of 5 hours, which was followed by the uncontrolled
amplification of A. Increasing the concentration of one type of
beads (Tpg), while keeping the concentration of the other type
constant (Tgp), resulted in multiple uncontrolled fronts in the ab-
sence of kinesin motors (fig. S14). By doing, so we decrease the
average distance between the two bead types and thus increase the
probability of effective autocatalysis. We found that the presence of
the repressor strand Ra was essential to prevent front activation at
random positions. However, when the concentration of the repres-
sor was greater than 500 nM, the front propagation was inhibited
(fig. S15).

Together, these results demonstrate that a mechano-chemical
transduction pathway can be engineered between a mechanical and
a chemical self-organizing molecular system. In particular, they show
that a mechanical instability may trigger either a temporal or a spatio-
temporal chemical instability in a synthetic material.

DISCUSSION

The coupling of chemical and mechanical self-organization is a key
ingredient of biological complexity, in particular, during em-
bryogenesis (1, 34). We have demonstrated that it is possible to
coupletwo archetypal self-organization mechanisms, reaction-
diffusion and active matter, in a synthetic material. Our design is
modular because it relies on two distinct subsystems with well-
characterized and predictable spatiotemporal behaviors: DNA/
enzyme reactions and kinesin/microtubule active gels. Consid-
ered independently, each subsystem displays complex dynamics
and macroscopic organizations that are subject to intense scrutiny
(13,15, 17, 19, 21, 24, 39, 41).

We have shown that, when mixed together, the strength of the
mechano-chemical coupling between the two subsystems is set by
the magnitude of the flow generated by the active gel. This coupling
was shown for a single pair of mechanical and chemical instabilities

Senoussi et al., Sci. Adv. 7, eabi9865 (2021) 17 December 2021

(global contraction and autocatalysis). However, the outcome of the
coupling between other existing instabilities remains to be explored:
oscillations (36), waves (13), band patterns (41)—for the chemical
subsystem—and chaotic flows (19), local contractions, and active
foams (46)—for the mechanical subsystem. For instance, the behavior
of the enumerated reaction-diffusion states within chaotic flows with
high Péclet number is currently unknown. In this exploration, the
tunability of the two subsystems will be a major asset. The chemical
subsystem is programmable because the reaction network is encoded
in the sequence of DNA strands (47), while the mechanical subsystem
can be heuristically designed thanks to the diversity of motors and
filament-binding proteins available (48). In addition, the implemen-
tation of the reverse chemo-mechanical coupling, from chemistry to
mechanics, recently described (49) and complementary to the one
discussed here, would allow the investigation of self-organization in
bidirectionally coupled subsystems. The future investigation of the
coupling between two different self-organizing systems will help in
the understanding of how macro-scale patterns and structures emerge
from microscopic components in nonequilibrium systems (4). In
particular, it will allow to develop and test currently lacking theories
to understand this link.

Last, reaction-diffusion active matter provides a framework for
the rational engineering of functional out-of-equilibrium materials
with life-like properties (5, 41, 50). It could be advantageously com-
bined with the wide array of methods in DNA nanotechnology, such
as nanostructure design (51), logic gates (10), analyte detection (52),
or hydrogel swelling (27).

MATERIALS AND METHODS

Kinesin purification

Two different kinesins were used: K430 and K401. K430 is a trun-
cated kinesin-1 (amino acid residues 1 to 430) from Rattus norvegicus
designed by Furuta et al. (53). It bears a soluble SNAP-tag and
forms clusters spontaneously (24). K401 is a truncated kinesin-1 from
Drosophila melanogaster designed by Subramanian and Gelles (54),
bearing a biotin function. It forms clusters in the presence of
streptavidin (15). Kinesins were purified as previously described
(24) (more details in the Supplementary Materials).
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Microtubule polymerization

Tubulin and tetramethyl rhodamine isothiocyanate (TRITC)—
labeled tubulin were purchased from Cytoskeleton Inc., dissolved at
10 mg/ml in 1x PEM-KOH buffer [80 mM PIPES (pH 6.8; adjusted
with KOH), 1 mM EGTA, and 1 mM MgCl;], flash-frozen, and
stored at —80°C.

Taxol-stabilized microtubules were prepared in a polymerization
mix consisting in 1x PEM-KOH, 1 mM GTP, 10% (w/v) glycerol,
and tubulin at 5 mg/ml (including 2.5% of TRITC-labeled fluores-
cent tubulin). The mix was incubated at 37°C for 15 min. 20 mM of
paclitaxel (referred in the main text and in the following as taxol)
was added to the mix and let at 37°C for five more minutes. After
polymerization, newly formed microtubules were centrifuged at room
temperature for 10 min at 12,000g to remove free tubulin mono-
mers. The microtubules were redissolved into 1x PEM-KOH, 1 mM
GTP, 10% glycerol, 20 mM taxol, and kept in the dark at room tem-
perature for few days.

Guanosine-5-[(a,b)-methyleno]triphosphate (GMPCPP) (pur-
chased from Jena Bioscience) was also used to form microtubules.
They were polymerized in the presence of 1x PEM-KOH, 0.6 mM
GMPCPP, 0.2 mM dithiothreitol (DTT), 10% (w/v) glycerol and
tubulin at 5 mg/ml (including 2.5% fluorescent tubulin) at 37°C for
30 min and left at room temperature for 5 hours. They were used
within the same day or flash-frozen and stored at —-80°C.

Hydrogel beads functionalization

DNA-coated sepharose beads were prepared as previously described
(45). Streptavidin sepharose beads (34 mm median diameter) were
purchased from GE Healthcare and were supplied in a 20% ethanol
solution. The concentration of the stock solution was 16,000 beads/ml.
We prepared 100 ml of solution containing 2500 beads/ml func-
tionalized with 0.2 nmol of biotin-DNA for these 10° beads at room
temperature for 20 min in the Buffer B with a gentle agitation.
Buffer B is composed of 0.6x PEM-KOH, 0.2x PEM-NaOH (for 1x:
80 mM PIPES, 1 mM EGTA, and 1 mM MgCl, adjusted with
135 mM NaOH to pH 7.1), 8.0 mM MgSQO,, and 1.5% (w/v) Pluronic
F127. The beads were then subjected to three cycles of centrifu-
gation (10,000g, 30 s), removal of supernatant, and wash with buffer
B. DNA-coated sepharose beads were lastly conserved for few
weeks at 4°C.

Preparation of solutions

The experimental conditions for each figure are provided in tables
S2 to S5. Solutions were prepared from the buffer AM and the com-
ponents listed in tables S2 to S5. Buffer AM is composed of 0.6x
PEM-KOH (for 1x: 80 mM PIPES, 1 mM EGTA, and 1 mM MgCl,
adjusted with 130 mM KOH to pH 6.9), 0.2x PEM-NaOH (for 1x:
80 mM PIPES, 1 mM EGTA, and 1 mM MgCl, adjusted with
135 mM NaOH to pH 7.1), 8.0 mM MgSQO,, 1.5% (w/v) Pluronic F127,
1.0 mM ATP, 10 mM creatine phosphate, creatine kinase (5.0 mg/ml),
3.0 MM DTT, 20 mM b-glucose, 1.0 mM Trolox, bovine serum
albumin (0.5 mg/ml), and 0.5x SYBR Green |. Glucose oxidase and
catalase were not included in experiments involving DNA attached
on hydrogel beads because we found that it caused variation in their
fluorescence intensity.

The three enzymes needed for the chemical subsystem were: the
Bst DNA polymerase Large Fragment (New England BiolLabs)—
abbreviated as Bst LF or pol—and the nicking enzyme Nt.BstNBI (New
England BioLabs)—abbreviated as NBI. The exonuclease ttRec]

Senoussi et al., Sci. Adv. 7, eabi9865 (2021) 17 December 2021

was produced in-house as previously described (55). The DNA
sequences used in this work are listed in table S1 and were pur-
chased from Biomers.

Experiments were performed within 18 mm by 1 mm by 0.2 mm
poly(methyl methacrylate) (PMMA) channels (Fluidic 152, ChipShop).
For front propagation experiments, they were filled with 4.5 ml of the
solution containing all the elements except the DNA A. The initial
condition, containing the same solution with 1 mM of the DNA A,
was injected on one side of the channel (0.25 ml). The surplus of liquid
was carefully absorbed using a clean tissue. Last, both ends of the chan-
nel were closed using vacuum grease, starting from the side without
the DNA A to avoid contamination and the appearance of a second
front that would propagate in opposite direction to the main front.

Imaging

Epifluorescence images were obtained with a Zeiss Observer 7 auto-
mated microscope equipped with a Hamamatsu C9100-02 camera,
a 10x or a 4x objective, a motorized stage, and controlled with
MicroManager 1.4. Images were recorded automatically every 3 s to
8 min (depending on the experiment) using an excitation at 470 nm
(observation of the DNA intercalator) and/or 550 nm (obser-
vation of the microtubules) with a CoolLED pE2 or a CoolLED
pE-4000. The temperature was controlled thanks to a transparent
TokaiHitThermoPlate. For optimal thermal conduction, mineral oil
was added between the PMMA channels and the thermoplate on
the microscope. The setup was put in place at least 30 min before
the filling of the channels in order to be sure that the temperature
equilibrium (25°C or 28°C) was reached.

Autocatalytic network Tas dynamics in well-mixed tubes
Optimization experiments presented in fig. S1 were performed in
well-mixed 200-ml tubes in a BioRad CFX qPCR machine using
10 ml of solution at the temperature of 25°C. Total DNA concentra-
tion was measured, thanks to the intercalating molecule SYBR
Green | (Thermo Fisher Scientific) or Evagreen (Biotium).

Data processing

Time-lapse images from microscopy experiments were processed
by Imagel/Fiji (National Institutes of Health) and Python. Images
of the channels were first cropped and rotated manually to compute
the velocity of the chemical front v, and the time related to the dy-
namics of the active gel tp,.

Determination of v

The DNA front images were recorded using a 470-nm excitation.
Using a Python routine, images were filtered using a gaussian filter.
The intensity was normalized between 0 and 1. Last, the contrast
was adjusted by putting 10% of the highest (respectively, lowest)
intensity values to 1 (respectively, 0). At each time the intensity was
averaged along the width of the channel (y axis). We fitted this

one-dimensional array of averaged intensity by the expression
e(xc—x)llu

¢ = where X, is the position of the front (the intensity is

1+t

equal to 0.5) and Iy its width. Thus, we obtained the position of the
front as a function of time. We computed the velocity of the front by
fitting this function by an affine fit. For the experiments presented
in Fig. 3, the velocity max(v’) was obtained by first deriving the po-
sition and then by taking the first five maximum velocities. v was
computed using a linear fit after the transient regime.
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Determination of t,,

Fluorescent microtubules were recorded using a 550-nm excitation.
To quantify the dynamics of active structures, we first applied a
gaussian filter, normalized the intensity, and then computed the SD
of the normalized intensity along the y axis (width) for each posi-
tion x of the channel length and for each time point. The SD was
then normalized and we computed t, as the time needed to reach
0.5 of this normalized SD.

Determination of v,

Active gel dynamics was obtained by manually tracking small
aggregates and/or dust embedded in the active gel. We chose the
aggregates to be close to the border on the left (where the DNA front
was initiated). The velocities were computed as the time derivative
of the position. Max (vi) was obtained by taking the average of the
five maximal velocities.

Tracking of beads

In the experiments of Fig. 3 (D and E) 1-mm-diameter fluorescent
beads (Estapor Fluorescent Functionalized Microspheres F1-XC
100, Merck) were added to the solution to study the velocity of the
active gel and the surrounding fluid. The beads were used at the con-
centration of 0.0015% (v/v). The tracking of the beads was performed
using the ImageJ plugin TrackMate (56) that calculated trajectories,
which were then analyzed by a Python routine to compute the
velocities (derivative of the positions).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi9865
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