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Microtubules and molecular motors are essential components of the cellular cytoskel-
eton, driving fundamental processes in  vivo, including chromosome segregation 
and cargo transport. When reconstituted in  vitro, these cytoskeletal proteins serve 
as energy-consuming building blocks to study the self-organization of active matter. 
Cytoskeletal active gels display rich emergent dynamics, including extensile flows, locally 
contractile asters, and bulk contraction. However, it is unclear how the protein–protein 
interaction kinetics set their contractile or extensile nature. Here, we explore the origin of 
the transition from extensile bundles to contractile asters in a minimal reconstituted sys-
tem composed of stabilized microtubules, depletant, adenosine 5′-triphosphate (ATP), 
and clusters of kinesin-1 motors. We show that the microtubule-binding and unbinding 
kinetics of highly processive motor clusters set their ability to end-accumulate, which 
can drive polarity sorting of the microtubules and aster formation. We further demon-
strate that the microscopic time scale of end-accumulation sets the emergent time scale 
of aster formation. Finally, we show that biochemical regulation is insufficient to fully 
explain the transition as generic aligning interactions through depletion, cross-linking, 
or excluded volume interactions can drive bundle formation despite end-accumulating 
motors. The extensile-to-contractile transition is well captured by a simple self-assembly 
model where nematic and polar aligning interactions compete to form either bundles or 
asters. Starting from a five-dimensional organization phase space, we identify a single 
control parameter given by the ratio of the different component concentrations that 
dictates the material-scale organization. Overall, this work shows that the interplay 
of biochemical and mechanical tuning at the microscopic level controls the robust 
self-organization of active cytoskeletal materials.

active matter | molecular motors | microtubules | self-organization

Active materials are far-from-equilibrium materials composed of energy-consuming build­
ing blocks (1). They self-organize into spontaneously moving structures larger than their 
microscopic components, and their material-scale mechanics emerge from nonequilibrium 
interactions between active units. In thermodynamically driven self-assembly, the emergent 
structures are set by the interaction strengths of the various molecules (2). In active mate­
rials, pattern formation often results from dynamical processes whose characteristic time 
scale sets the emergent structure and dynamics (3).

Many examples of in vitro cytoskeletal materials self-organize into distinct states, which 
reflect the richness of the microscopic interactions between various molecular motors and 
cytoskeletal filaments. In particular, these materials often display bulk extensile (4–6) or 
contractile and aster-forming behaviors (7–18). Extensile dynamics have been associated 
with active systems organized into mesoscopic polymer bundles, frequently through the 
addition of a depletion agent. Such extensile flows have been reported for both microtubule/
kinesin (4, 6, 18) and actomyosin (19, 20) based materials. Theoretical work has suggested 
that extensile stresses could arise from the polarity sorting of filaments (21) or the mechanical 
properties of the motors themselves (22, 23). In the absence of depletant, both microtubule 
and actin-based active gels can undergo bulk contraction. However, the mechanisms that 
lead to extensile or contractile dynamics might differ as actin and microtubules have very 
different mechanical properties. Actomyosin contraction is also fundamentally rooted in 
symmetry-breaking at the filament level, either because of the nonlinear mechanical prop­
erties of actin filaments (11, 24–26), end-accumulation of myosin motors (16, 27), or 
through the asymmetric distribution of cross-linkers or motor proteins (28). Microtubule 
bulk contraction has been argued to stem from contractile active stresses generated by the 
clustering of microtubule ends by end-accumulating motors (7, 12, 29, 30).

While dyneins and many kinesins are known to end-accumulate (31–34), many motors—
including dimeric kinesin-1—have been argued not to under physiological conditions 
because of their low processivity (<1 µm (35)), even on stabilized microtubules (32, 35, 
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36). Indeed, theory and experiments demonstrated that the pro­
cessivity, binding, and unbinding kinetics are crucial in determin­
ing whether molecular motors will end-accumulate on isolated 
stabilized microtubules (32, 37). Furthermore, the motor binding 
and unbinding kinetics depends on several factors, including salt 
concentration and the concentrations of motors and adenosine 
5′-triphosphate (ATP). Increasing ATP concentration leads to a 
higher dissociation rate (38) and increased motor speed (39), which 
saturate at high ATP concentration. Finally, as processivity increases 
when motors can bind to multiple sites along a single filament (40), 
the multivalency of the motors is important to consider as many 
motors form clusters, either naturally or by design (4, 7, 19, 41). 
Thus, whether or not a motor will end-accumulate is determined 
in part by the motor’s environment.

On the theoretical front, simple theories and simulations have 
addressed the origin of contractility in cross-linked networks com­
posed of rigid or semiflexible polymers and molecular motors  
(25, 30, 42), highlighting the importance of having passive 
cross-linkers that create an elastically percolated network. For 
end-accumulating motors, experiments and computer simulations 
showed that the competition between motor cross-linking either the 
ends or the sides of microtubules sets the extensile or contractile 
dynamics of the active network (43). However, despite these 
advances, the rational design of a simple and programmable biomi­
metic material that could exert both extensile and contractile stresses 
is still challenging. Recent in vitro experiments and simulations show 
that microtubule networks composed of a mixture of motors with 
opposite directionality can display either extensile or contractile 
dynamics depending on the relative concentration of each motor 
protein (43, 44). In the presence of a single type of end-accumulating 
motor, competition between microtubule growth rate and motor 
speed dictates if bulk dynamics are extensile or contractile (43).

Most reconstituted active systems are composed of stabilized 
microtubules and a single type of motor, and were thought to display 
a single bulk organization—either contractile or extensile (4, 7, 12). 
However, two recent examples, with clusters of kinesin-1 motors 
(18, 45) and end-accumulating kinesin-4 motors (34), show that 
networks of stabilized microtubules cross-linked by a single type of 
motor proteins can display both extensile and contractile dynamics. 
The underlying physical or biochemical mechanisms that lead to this 
phenomenon are unclear. In particular, the role of motor-microtubule 
interaction kinetics in determining the emergent structure of the 
active microtubule-kinesin gel is unknown. There is, therefore, a 
need for a careful study of the simplest system possible, with stabi­
lized microtubules and a single motor type, to uncover the micro­
scopic origin of the extensile-to-contractile transition.

Here, we assembled an active gel composed of stabilized microtu­
bules, a bundler, and kinesin-1 motor clusters. We systematically 
combined bulk experiments with direct observation at the single 
filament level to study how emergent bulk dynamics is related to the 
distribution of processive motor clusters along microtubules. Extensile 
flows emerged when the motors were uniformly distributed and the 
active gel contracted when motors end-accumulated. We show that 
end-accumulation and contraction can be induced by either increas­
ing motor cluster concentration or decreasing ATP concentration, 
which is consistent with increasing the lattice-binding rate and 
decreasing the lattice-dissociation rate of the motor-microtubule 
binding kinetics. Our study goes beyond steady-state dynamics, 
showing that the microscopic timescale of end-accumulation and the 
macroscopic timescale for aster formation are correlated. Finally, 
increasing nematic alignment by adding either a nonspecific deple­
tant, a microtubule-specific cross-linker, or colloidal rods, triggers 
the reversed transition from asters to bundles without impacting 
motor cluster end-accumulation at the single filament level. A simple 

self-assembly model at steady-state demonstrates that the bundle-aster 
phase boundary results from the competition between polar sorting 
and nematic alignment. This model allows us to predict the emergent 
structure based on a single control parameter given by the ratio of 
the various component concentrations.

Results

Our minimal in vitro system is composed of microtubules and 
multivalent clusters of molecular motors (Fig. 1A) (4, 46). 
Guanosine-5'-[(α, β)methyleno]triphosphate (GMPCPP)-stabi­
lized microtubules are bundled by a nonspecific depletant (20 kDa 
Poly(ethylene glycol) PEG). Individual motor clusters are composed 
of four kinesin dimers bound to one tetravalent streptavidin, a 
lower-bound average composition inferred from dynamic light 
scattering measurements (Fig. 1B and SI Appendix, Fig. S1 and 
section 2b). Each kinesin dimer is composed of two biotinylated 
truncated kinesin-1 motors (consisting of the first 401 amino acids 
of kinesin-1) that spontaneously dimerize to form a processive 
double-headed motor. These motor clusters can simultaneously 
bind to multiple microtubules, taking steps upon hydrolysis of 
ATP. This cross-linking and walking motion results in the sliding 
of adjacent antiparallel microtubules. In this configuration, a 
microtubule bundle continuously elongates over time, exerting 
dipolar extensile stresses (4, 6, 47). Microtubule bundles form a 
continuously reconfiguring three-dimensional active gel that 
powers autonomous extensile flows (4, 48) (Fig. 1C and 
Movie S1). In this extensile phase, dual-color imaging of micro­
tubules and motor clusters revealed a uniform distribution of the 
motors along the microtubule bundles (Fig. 1 F and G and 
SI Appendix, Fig. S2 A–C).

Assembling active gels with increasing motor cluster concen­
trations led to a radical change in the emergent structure and 
dynamics of the active gels: Above a critical motor cluster concen­
tration, the active network transitioned from forming an extensile 
phase into forming a contractile phase, where large microtubule 
asters coexist with an extensile background (Fig. 1D and Movie S2). 
Dual-color imaging of microtubules and kinesin-1 clusters 
revealed that the aster cores were enriched with motor clusters 
(Fig. 1 H and I and SI Appendix, Fig. S2 D–F), a generic feature 
of both actin-based (16, 27) and microtubule-based asters, both 
in vitro (18, 34, 43, 49) and in cellular extracts (12, 50–52). 
Further increasing the motor cluster concentration led to a second 
transition from a locally contractile aster phase to a globally con­
tractile phase (Fig. 1E and Movie S3).

We further investigated how the binding and unbinding rates 
of kinesin onto microtubules control the macroscopic organization 
of the network by changing the concentrations of ATP and motor 
clusters while keeping the microtubules’ length and the concen­
trations of microtubules and PEG constant. The resulting phase 
diagram reveals that the critical motor cluster concentration that 
triggers aster formation depends on the ATP concentration 
(Fig. 1J). Asters displayed enrichment of motors in their core 
(Fig. 1I and SI Appendix, Fig. S2 D–F), a hallmark of asymmetric 
motor distribution. Hence, we hypothesized that modulating the 
ATP and kinesin concentrations changes the degree of motor 
end-accumulation, and hence the system’s propensity toward 
contractility.

To test this hypothesis, we looked at the distribution of fluo­
rescent motor clusters along isolated microtubules (Fig. 2A and 
SI Appendix, section 2a). We observed that motor clusters were 
uniformly distributed along microtubules in conditions where the 
gel was extensile (Fig. 2 C and F). However, when the concentra­
tion of ATP was decreased (Fig. 2 B and D) or the concentration D
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of motor clusters was increased (Fig. 2 G and H), motor clusters 
formed dense aggregates on one end of the microtubules and the 
corresponding bulk dynamics were contractile. We confirmed 
these trends by quantifying the fraction of microtubules with 
motor cluster caps for a wide range of ATP and motor cluster 
concentrations (SI Appendix, section 4a). Decreasing ATP con­
centration or increasing motor cluster concentration led to an 
increase in the fraction of microtubules with motor caps (Fig. 2 
E and I). Interestingly, we report that the probability of having a 
cap increased with microtubule length (SI Appendix, Fig. S3E). 
Hence, an antenna model may underlie the cap formation process: 
More motors can be captured by longer microtubules, resulting 
in a higher probability to form a motor cap (32, 53). We tested 
the impact of microtubule length on the macroscale organization 
by annealing microtubules while fixing the tubulin concentration: 
Microtubules got longer while their number density decreased. 
This led to a transition from extensile bundles to contractile asters 
(SI Appendix, Fig. S3 A–D). Decreasing microtubule density while 
keeping their average length constant also led to a transition from 
extensile to contractile dynamics (SI Appendix, Fig. S4A).

Inspired by experiments and theory describing the mechanisms 
that underlie end-accumulation of highly processive Kip3 motors 
on microtubules (32), we hypothesized that the processivity of the 
motor clusters is a key feature that enables the formation of caps 
and the assembly of contractile asters. Dimeric Kinesin-1 motors 
have a run length of less than 1 µm (35). Here, we measured a 
lower bound for the run length of K401 motor clusters under 
conditions where they end-accumulate and found an average min­
imal run length of 5.7 ± 2.6 μm (N = 216 runs, SI Appendix, 
Fig. S5 A and B), while the mode of the microtubule length 

distribution was around 1.6 µm (N > 6,000 microtubules, 
SI Appendix, Fig. S5C). To further confirm the importance of high 
processivity, we increased the dissociation rate of the motor clus­
ters by increasing the salt concentration. We observed a transition 
from contractile to extensile bulk dynamics (SI Appendix, Fig. S6 
A, B, E, and F). Additionally, motor clusters were found to not 
end-accumulate when salt concentration was increased, consist­
ently with a higher dissociation rate (SI Appendix, Fig. S6 C, D, 
G, and H).

To confirm that motor cluster processivity is required for end- 
accumulation, we leveraged a recently developed light-dimerizable 
K365 kinesin-1 motor protein (first 365 amino acids of Kinesin-1) 
(54). Contrary to the processive dimeric K401 protein, this mon­
omeric derivative of kinesin-1 is nonprocessive: Motors detach 
from microtubules after each step (55). Each motor presents either 
an iLid or a microtag which dimerize when exposed to blue light 
(15, 56) (SI Appendix, Fig. S7A). Native gel experiments demon­
strated that equimolar mixtures of these two motors do not spon­
taneously dimerize when not exposed to blue light (SI Appendix, 
Fig. S7 B and C). Further, as these motor clusters do not contain 
streptavidin linkers, the valency of the clusters is limited by design 
to two single-headed nonprocessive motors. Here, we performed 
bulk experiments in the absence of depletant to test the ability of 
these motor dimers to form asters. We combined stabilized micro­
tubules with an equimolar mixture of iLid and micro-K365 
motors and continuously exposed the sample to blue light while 
imaging the bulk dynamics. ATP concentrations were varied from 
5 to 100 µM, and motor concentrations were varied from 100 to 
500 nM. While all the other kinesin-1 clusters tested assembled 
microtubules into asters [including light-dimerizable iLid/micro 
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Fig. 1. Multivalent clusters of kinesin-1 molecular motor drive microtubule gels into extensile, aster, or globally contractile phases. (A) Schematic of an extensile 
bundle of stabilized microtubules. (B) Close up on a single multivalent motor cluster—four kinesin-1 dimers bound to one tetravalent streptavidin—walking 
toward the plus end of the microtubules. (C) Fluorescent picture of the microtubule gel in the extensile phase ([motor clusters] = 60 nM). Increasing the cluster 
concentration first leads to the formation of (D) an aster phase that locally contracts ([motor clusters] = 120 nM) and then (E) a globally contractile phase ([motor 
clusters] = 480 nM). (F and G) show close-ups of fluorescently labeled tubulin and motor clusters for an extensile bundle. (H and I) show close-ups of fluorescently 
labeled tubulin and motor clusters for an aster. (J) ATP-motor cluster phase diagram: the critical concentration of motors needed to form asters and contract 
depends on the ATP concentration. Purple disks represent extensile bundles, orange stars are asters, and red squares are globally contractile gels. Each data 
point is an independent experiment. (C–I) were taken with a confocal microscope. Scale bars in (C–E) are 200 µm. Scale bars in (F–I) are 50 µm. In (C–J), [ATP] = 
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clusters of processive K401 (15)], we never observed the formation 
of asters with iLid/micro-K365 motor dimers (SI Appendix, 
Fig. S7D). Assembling active microtubule gels with iLid/micro 
dimers of nonprocessive K365 and a depletant (20 kDa PEG) 
recovered the extensile dynamics previously reported for this 
light-activable active gel (SI Appendix, Fig. S7D) (54).

To further examine the causal link between motor cluster 
end-accumulation and the formation of contractile asters, we 
compared the dynamics of both processes (Fig. 3). Close to the 
contractile-to-extensile phase boundary, asters did not appear 
instantaneously (Fig. 3A). Rather, active gels first displayed exten­
sile dynamics before one or more asters nucleated (Fig. 3A). We 
systematically measured the time evolution of aster density and 
found that increasing ATP concentrations delayed asters nuclea­
tion (Fig. 3B). Similarly, at the microscopic scale, we found that 
motor caps formed at slower rates when ATP concentration was 
increased (Fig. 3 C and D). We independently measured the time 
at which the first aster nucleates and the time at which 10% of 
the microtubules have motor caps under identical buffer condi­
tions. Comparing the two characteristic timescales showed that 
the dynamics of motor cap and aster formations were correlated 
(Fig. 3E). This analysis provides direct evidence that the micro­
scopic timescale set the emergent timescale.

Taken together, these experiments demonstrate that both the 
steady-state organization and the dynamics of the self-organization 
at the macroscopic scale are controlled by the kinetics at the micro­
scopic scale. The microtubule binding and unbinding kinetics of 
processive motor clusters dictate if and when motors will start to 
end-accumulate, which is necessary to trigger the transition from 
extensile bundles to contractile asters. The binding rate of kinesin 
clusters, kon, has been shown to increase when the concentration 
of motor clusters increases, and the dissociation rate, koff, decreases 
when ATP concentration decreases (38). Both mechanisms favor 
the end-accumulation of highly processive motors (32), which, in 
our case, also triggers end-clustering of the microtubules and aster 
formation at the macroscopic scale.

However, considering the binding kinetics between motors and 
microtubules is insufficient to explain fully how kinesin-microtubule 
networks self-organize in the presence of crowding agents or 

cross-linkers. Indeed, adding a depletant such as PEG transformed 
a contractile phase into an extensile phase without impacting the 
ability of the motor clusters to end-accumulate at the single fila­
ment level (Fig. 4 A, B, E, and F). An extensive PEG-motor cluster 
phase diagram suggests that the contractile-extensile phase bound­
ary results from a competition between the ability to form polar 
motor caps and the depletion force (Fig. 4J). Indeed depletion 
promotes nematic alignment of microtubules into bundles (57), 
while motor cluster caps promote polar sorting and aster forma­
tion (43). We explored how other mechanisms that induce nematic 
alignment impact the emergent bulk dynamics. We first showed 
that adding PRC1, a cross-linking protein that binds diffusively 
to microtubules (58–60), also converted a contractile phase into 
an extensile phase (Fig. 4C). Starting from a globally contractile 
phase, adding cross-linkers first led to the formation of the aster 
phase and then an extensile phase (SI Appendix, Fig. S8). Second, 
we enhanced the nematic alignment of the microtubules by adding 
passive semiflexible polymers—either filamentous fd viruses (61) 
or DNA-origami rods (62)—to the active sample (63). These pol­
ymers interact sterically with microtubules through excluded vol­
ume interaction, enhancing the microtubule alignment and 
triggering a transition from contractile to extensile dynamics 
(Fig. 4D and SI Appendix, Fig. S9). Progressively increasing the 
nematic aligning interaction by adding more colloidal rods con­
verted a globally contractile phase first into an aster phase, then 
into a fully extensile phase (SI Appendix, Fig. S10 A–D). The crit­
ical concentration of colloidal rods needed to trigger the transition 
increased with motor cluster concentration (SI Appendix, 
Fig. S10E). Dual imaging of motor clusters and tubulin at the 
single microtubule scale revealed that adding PEG, PRC1, or fd 
viruses did not prevent cap formation on isolated microtubules 
(Fig. 4 E–H). The fact that increasing depletion, cross-linking, 
and excluded volume interactions have the same effect on the 
transition argues that the impact of nematic alignment is generic. 
To summarize, our results demonstrate that the extensile-contractile 
transition arises from the competing effects of microtubule 
end-clustering, which favors the formation of contractile asters, 
and factors promoting microtubule alignment, which favors the 
formation of extensile bundles (Fig. 5A).
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Fig. 3. Dynamics of aster formation correlates with dynamics of motor cap formation. (A) Time-series of the aster nucleation. Asters nucleate in an extensile 
background around 2 h after the start of the experiment. Tubulin is labeled in cyan, and motor clusters are in orange. [ATP] = 33 µM, [motor cluster]= 200 nM, 
[PEG] = 0.6% (vol/vol). (B) Temporal evolution of aster density for samples with increasing ATP concentrations. Asters nucleate more slowly with more ATP.  
(C) Kymograph (space-time plot) of the formation of a motor cap at the end of a single microtubule. Microtubule is shown in cyan and motor clusters in orange. 
(D) Temporal evolution of Pcap, the fraction of microtubules with a motor cap, for samples with increasing ATP concentrations. Motor caps form more slowly with 
more ATP. (E) Plot of the time when the first aster nucleates vs. the time when 10% of the microtubules have a motor cap. The color code shows experiments at 
various ATP concentrations. (A and C) were taken with a confocal microscope. The scale bar in A is 200 µm. The scale bar in C is 2 µm. Each experiment in (B, D, and E)  
was repeated three times independently. Thick lines in (B and D) and the disks in (E) show mean values, while shaded areas and error bars show the SD over 
the three replicates.D
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Fig. 4. Nematic alignment outcompetes polar sorting to drive a contractile-to-extensile transition, despite the formation of motor caps at the single microtubule 
level. (A) Fluorescent picture of an active cross-linked gel with PRC1 instead of PEG in the globally contractile phase ([ATP] = 30 µM, [Motor cluster] = 480 nM, [PRC1] 
= 100 nM, [Tubulin] = 1.33 mg/mL). Tubulin is labeled in cyan. (B) Adding 0.4 mM (0.8 % vol/vol) of 20 kDa PEG suppressed the global contraction and delayed the 
appearance of asters from an initially extensile phase by 1 h. Adding (C) 300 nM of PRC1, or (D) 30 mg/mL of fd virus to increase nematic alignment fully suppresses 
any contraction over the lifetime of the sample (4 h). Pictures in (A–D) were taken 1 h after dynamics started. (E–H) High-magnification microscopy of isolated 
microtubules for the same experimental conditions as in (A–D). Tubulin is labeled in cyan, and motor clusters are in orange. (I) Fractions of the microtubules with 
a motor cap for the same experimental conditions as (A–D). (J) A PEG-motor cluster phase diagram shows how the ratio of both components sets the extensile or 
contractile dynamics in active gels. Disks, stars, and squares represent experimental data, while the black line represents the no-fit prediction derived from the 
self-assembly model and the fitted parameters from the phase diagram in Fig. 1J. (A–H) were taken with a confocal microscope. The scale bar in (A–D) is 200 µm. 
The scale bar in (E–H) is 10 µm. Each experiment in (A–I) was performed three times independently except the one where PEG was added which was performed 
two times. Each data point shown in (J) comes from an independent experiment.
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Next, we developed a minimal steady-state model to rationalize 
the transition from extensile bundles to contractile asters. We took 
a self-assembly approach where polar and nematic interactions com­
pete to dictate the steady-state structure of the kinesin-microtubule 
network. Polar interactions depend on the ability of the motor clus­
ters to end-accumulate. If these multivalent clusters form a motor 
cap on a microtubule, they will naturally recruit other microtubules 
that will end-accumulate. These end-bound microtubules are free 
to splay but cannot slide and hence will form an aster (30, 42). 
Nematic interactions depend on the ability of the microtubules to 
stay aligned. In this state, the microtubules are free to slide but 
cannot splay and hence will form an extensile bundle.

Using the well-known depletion interaction (64, 65), we mod­
eled the effective strength of the alignment interaction between 
two microtubules as:

	
[1]

where α is a proportionality constant, L is the average microtubule 
length, [PEG] is the concentration of PEG in the system, and ρMT  
is the number density of microtubules. The quadratic scaling for 
ρMT  results from the pairwise interaction between microtubules. 

Similarly, we modeled the effective strength of the end-adhesion 
interaction as:

	 [2]

where β is a proportionality constant, and 
[Motor clusterADP ]

ρMT

   is 

the number of nonmotile, ADP-bound motor clusters per micro­
tubule. In this model, the number of bound motors increases lin­
early with microtubule length, and thus, the strength of 
end-adhesion interaction increases linearly with L   . This scaling is 
motivated by the experimental observation that the probability of 
having a motor cap increases with microtubule length, which is 
reminiscent of an antenna model (32, 53) (SI Appendix, Fig. S3G). 
As the run length of the motor clusters was larger than the micro­
tubule length (SI Appendix, Fig. S5), we estimated that all motors 
bound to microtubules walk toward the microtubules’ end and 
therefore only contribute to the end-adhesion interaction. Further, 
we considered that only ADP-bound motors that are attached at 
the end of a microtubule contribute to the end-adhesion. Con­
sidering an alternative model where ATP-bound motor clusters 
contribute to end-adhesion was incompatible with experimental 
measurements (SI Appendix, Fig. S11 and section 5). We further 
assumed that the binding of ATP to the motor clusters follows a 
simple binding equilibrium characterized by a dissociation constant 
Kd . The concentration of ADP-bound clusters is given by:

	 [3]

where [Motor clustertot] is the total concentration of motor clusters, 
and Kd  is the dissociation constant for ATP binding to the motor 
clusters (i.e., the concentration of ATP where half of the motors 
have ATP bound).

In this framework, the phase boundary between the bundle and 
aster phases should lie where the nematic alignment interaction 
strength (Eq. 1) equals the polar end-adhesion interaction strength 
(Eq. 2), providing the following prediction for the phase boundary 
in the ATP-motor cluster plane:

	
[4]

The experimental phase boundary separating the extensile bun­
dle phase from the contractile aster phase in the ATP-motor cluster 
plane was linear in the range of concentrations explored (Fig. 1J), 
in agreement with the model. Fitting the experimental phase 
boundary to the model prediction (Eq. 4), provided estimates of 
the model parameters

This measured value for the dissociation constant is lower than 
reported values for the same K401 construct, albeit under different 
experimental conditions ( Kd = 96.4 ± 25 μM (66)). We inde­
pendently estimated Kd = 75 ± 12 µM by measuring how the 
steady state speed of extensile gels varies with ATP concentration 
(SI Appendix, Fig. S12 and section 4c). Further work is needed to 

Valignment = �L[PEG]ρ2
MT

,

Vend−adhesion=�L
[Motor clusterADP]

ρMT

ρ2
MT

= �L[Motor clusterADP]ρMT ,

[Motor clusterADP] = [Motor clustertot]

(

Kd

Kd + [ATP]

)

,

[ATP] =
�Kd

�ρMT [PEG]
[Motor clustertot] − Kd .

�Kd

�ρMT [PEG]
= 376 ±147 and

Kd = 14.5±25 μM(fit values ± 95%CIs).
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Fig.  5. Nematic alignment competes with polar sorting to control the 
self-assembly into extensile bundles or contractile asters. (A) Schematic 
representation of a contractile aster composed of polarity-sorted micro
tubules. Increasing the strength of nematic alignment by increasing the 
concentration of depletant, microtubule, PRC1 cross-linker, or fd virus can 
trigger a structural transition from contractile aster to extensile bundles. 
Decreasing the concentration of motor cluster or increasing the concentration 
of ATP decreases the probability of cap formation, which decreases the 
strength of polar end-adhesion interactions. At the macroscale, this leads to 
a transition from contractile asters to extensile bundles. (B) Relative probability 
of finding the active gel in the extensile, aster, or globally contractile phases as 
the rescaled concentration ρMT

[PEG]([ATP]+ K
d
)

[Motor cluster
tot

]K
d

   increases. Disks show experimental 
data points. The raw 2D phase diagrams are shown in Figs. 1J and 4J and 
SI Appendix, Fig. S13. Above a critical microtubule density ( c∗ = � ∕�   ), the active 
gel evolves on average from a contractile to extensile phase. The experimental 
estimate of c∗   where extensile and contractile phases are equiprobable is 32 
µM. The dashed line shows the fitted value for c∗ = 41 μM   , and the brown area 
shows the corresponding interval of 95% confidence for c∗   (25 to 56 µM). Both 
are estimated by fitting the phase diagram in Fig. 1J. In B, N = 311 independent 
experiments, for [ATP] = 20 to 150 µM, [Motor cluster] = 40 to 500 nM, [PEG] 
= 0.2 to 0.6 mM, i.e., 0.4 to 1.2%/% vol, [MT] = 2.7 to 16 nM.
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understand why the effective Kd  derived from fitting the model 
differed from independent measurements.

Furthermore, the model predicts that the phase boundary in 
the PEG-motor clusters phase diagram is linear, and the previously 
measured fit parameters set the boundary’s slope. We overlaid the 
fit-free prediction for the phase boundary with the experimental 
data points and found excellent agreement between experiments 
and theory (Fig. 4J). Finally, the model predicts that the slope of 
the phase boundary in the ATP-motor cluster plane scales inversely 
with the microtubule density, which was consistent with experi­
mental observations that increasing microtubule number density 
induced a transition from contractile asters to extensile bundles 
in PEG-based active gels (SI Appendix, Fig. S4A).

This self-assembly framework can be modified to account for 
aligning interactions produced by the microtubule-specific 
cross-linker PRC1 instead of the depleting agent PEG. We mod­
eled the effective strength of the alignment interaction between 
two microtubules as:

	
[5]

where the number of cross-linkers per microtubule [PRC1]∕ρMT  
replaces the concentration of PEG as PRC1 needs to bind to a 
microtubule to induce alignment, while PEG does not. The theory 
predicts that the new phase boundary in the ATP-motor cluster 
plane is now independent of the density of microtubules ρMT :

	 [6]

We assembled PRC1-based active microtubule gels in a con­
tractile phase and systematically increased the number density of 
microtubules from 0.33 mg/mL to 10 mg/mL (SI Appendix, 
Fig. S4 B and C). We found that the emergent dynamics were 
always contractile in that range of concentrations, consistent with 
Eq. 6. Therefore, while both PRC1 and PEG induce nematic 
alignment of microtubules, this minimal model accounts for the 
different ways they interact with microtubules, explaining their 
distinctive impact on the self-assembly of microtubule-based 
active gels.

Despite the initial complexity of the five-dimensional organi­
zation phase space—ATP, motor clusters and PEG concentrations, 
microtubule number density, and microtubule length—this model 
provides a simple design rule to assemble active microtubule gels 
in targeted configurations. In this framework, a single control 
parameter given by the ratio of Kd  and the various component 
concentrations: ρMT [PEG]([ATP]+Kd )

[Motor clustertot]Kd
 dictates the self-assembly of 

the emergent structures in PEG-based active gels. Estimating ρMT  
from the known tubulin concentration, the number of protofila­
ments in a microtubule, and the measured length distribution, we 
rescaled all the experimental data points from ~300 independent 
experiments (SI Appendix, Fig. S13) onto a single 1D phase dia­
gram. We computed the probability of being in a globally con­

tractile, aster, or extensile phase as the ratio ρMT [PEG]([ATP]+Kd )

[Motor clustertot]Kd
 

increased (Fig. 5B). The model predicts that the phase boundary 
between the extensile and aster phase is set by the critical number 
density � ∕� = 41 ± 15 μM (95% Confidence Intervale on 
linear fit). Below this critical density, our model predicts that 
microtubules will form asters, while above they will form bundles. 
We find that the number density c∗ where extensile and contractile 
phases are equiprobable lies within the 95% CI of the fitted value 

for � ∕� ( c∗ = 41 μM , Fig. 5B). Excellent agreement between 
theory and experiments suggests that a self-assembly process gov­
erned by the competition between polar and nematic alignment 
interactions describes the extensile-to-contractile transition 
(Fig. 5A).

Discussion

To summarize, we bridged the length scale gap between the molec­
ular interactions and the emergent macroscopic structure, explain­
ing the transition from extensile bundles to contractile asters in 
active gels composed of stabilized microtubules, multivalent clus­
ters of kinesin-1 motors, and either a depletant or microtubule-
specific cross-linkers. We identified kinetics of motor-microtubule 
interactions that lead to either uniform motor distribution along 
microtubules or the end-accumulation of motors, which relate in 
part to the emergence of extensile bundles or contractile asters. 
We show that the dynamics of end-accumulation at the single 
filament scale sets the macroscopic emergent timescale of aster 
formation. Further, we show that end-clustering is insufficient to 
explain fully the extensile-to-contractile transition. Nematic inter­
actions driven by depletion, cross-linking, or excluded volume 
interactions can outcompete polar sorting to favor extensile bun­
dles over polarity-sorted contractile asters, even in conditions 
where motor clusters end-accumulate. A minimal self-assembly 
model based on the competition between microtubule end-
clustering driven by end-accumulated motors and nematic align­
ment captures the experimental trends. We further verified 
predictions of the model that differentiated between depletant 
and cross-linker-based active gels and demonstrated that a single 
control parameter given by the ratio of the concentrations of the 
components sets the structural transition from extensile bundles 
to contractile asters.

We consider these findings in the context of previously pub­
lished results on the extensile-to-contractile transition in 
cytoskeletal active gels. First, while previous work on kinesin- 
microtubule gels focused on the role of side binding vs. end- 
binding motors (43), direct observation of both the bulk organ­
ization and motor cluster distribution on single microtubules 
reveals that nematic bundles can arise even when motors effi­
ciently end-accumulate.

Second, several mechanisms have been proposed to account for 
the extensile or contractile nature of biomimetic active matter. 
Recent theoretical work proposed that nonlinear elasticity can 
rectify the activity of an extensile dipole, leading to bulk contrac­
tion (67–69). For actomyosin gels, nonlinearities in actin filament 
mechanics have been put forward as one mechanism leading to 
contraction. While similar emergent mechanical properties have 
been suggested in viscoelastic gels composed of kinesin-microtubules 
bundles dispersed in a passive actin network (18), our multiscale 
approach favors that the asymmetric distribution of motors leads 
to aster formation in kinesin-microtubule-based active gels. Our 
work highlights that protein-protein interaction kinetics plays a 
crucial role in setting the macroscale emergent dynamics.

Third, our work investigates how the contractile-to-extensile 
transition is impacted by crowding, microtubule density, and 
microtubule length, all of which were recently explored in com­
puter simulations of kinesin-microtubule networks (70). One 
main difference between the two studies is that our microtubules 
are short compared to the motor clusters’ run length (respectively 
1.6 µm and 5.7 µm, SI Appendix, Fig. S5) while the simulated 
microtubules range from 2.5 to 15 µm. Our results confirm that 
crowding promotes extensile bundles over contractile asters, and 
we report additional results regarding the impact of microtubule 

VAlignment = �L
[PRC1]

ρMT

ρ2
MT

= �L[PRC1]ρMT,

[ATP] =
�Kd

�[PRC1]
[Motor clustertot] − Kd .
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length and their number density when microtubules are shorter 
than the motor clusters’ run length: Increasing microtubule den­
sity leads to extensile bundles in PEG-based networks, and increas­
ing microtubule length does not impact the transition. In this 
regime, longer microtubules favor nematic alignment and 
end-accumulation equally because of the antenna effect. When 
microtubules are longer than the run length, our model predicts 
that increasing microtubule length would only enhance the align­
ment interaction, leading to a transition from contractile asters to 
extensile bundles, thus corroborating the results of the computer 
simulations for long microtubules (70).

Our results are also consistent with how microtubule networks 
powered by end-accumulating kinesin-4 motors self-organize in the 
presence of a depletant (34): Increasing microtubule number density 
and increasing PEG concentration both lead to a transition from 
contractile to extensile. Further, no extensile dynamics were observed 
in the absence of PEG, and increasing microtubule concentration 
induced a contractile-to-extensile transition in the presence of PEG 
for both motor constructs. However, contrary to our results for 
kinesin-1 clusters, the transition for kinesin-4 is independent of the 
motor concentration, probably because the motor protein always 
end-accumulates. We did not explore the experimental regime where 
an active foam phase is observed with kinesin-4 motors.

Finally, while depletant has been a long-time favorite bundler 
for microtubule-based active gels (4), PRC1 cross-linkers have 
recently been used to assemble extensile active gels (6, 71, 72) and 
active composite materials (18, 63). Our work highlights the sim­
ilarities and differences of how depletants and cross-linkers impact 
the self-organization of microtubule-based active gels.

This work illustrates how to leverage simple concepts from 
self-assembly to understand complex emergent structures and 
dynamics in an out-of-equilibrium material powered by chemical 
reactions. One important takeaway of the theory is that asters 
nucleation and polarity sorting are not the consequence but rather 
the cause of local contractility. However, it is unclear why this 
minimal steady-state model captures the extensile-to-contractile 
transition so well (Fig. 5B). Indeed, this mean-field theory only 
considers pairwise interactions and lacks any higher-order coop­
erativity between microtubules, or between microtubules and 
motor clusters (33, 73, 74). Second, this theory has no intrinsic 
timescales, hence no dependence on reaction rates which are cru­
cial for explaining the interactions between kinesin and microtu­
bules. Third, this model cannot describe the scale-dependent 
architecture of the active gels. When end-adhesion dominates, 
microtubules with motor caps are predicted to form micelle-like 

structures with a radius of one microtubule length (34). However, 
the aster sizes observed here are orders of magnitude larger than 
the average microtubule length, which clearly shows that the 
model cannot give information about the hierarchical organization 
that leads to the observed mesoscale structures (Fig. 1 H and I). 
Consequently, this model does not describe the percolation tran­
sition from asters to globally contractile gels (75). Finally, we 
expect that the critical ratio delineating the extensile and contrac­
tile phases will be different for different motors, cluster valency, 
or buffer conditions (Fig. 5B). One piece of evidence is that adding 
salt eliminates any contraction without changing protein compo­
sition (SI Appendix, Fig. S6).

These results further highlight that motor clusters’ valency and 
processivity dictate, in part, the self-organization of the active gel 
at the macroscale. Processivity is required to drive end-accumulation 
(32) and aster formation. No contraction had been observed with 
light-activated K365 dimers as they are nonprocessive by design 
(SI Appendix, Fig. S7). In contrast, the other constructs potentially 
form asters because the motor clusters are multivalent, hence 
highly processive (40), and readily able to end-accumulate. These 
results underscore the importance of paying close attention to the 
design of the motor cluster, as they significantly impact the 
self-organization of the cytoskeletal active gels.

Taken together, this work offers a blueprint for the predictive 
assembly of cytoskeletal active matter, particularly for building 
multifunctional active materials that can be programmed into 
distinct or coexisting far-from-equilibrium structures.

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