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Abstract

Biological systems have evolved to harness non-equilibrium processes from the molecular to the 

macro scale. It is currently a grand challenge of chemistry, materials science, and engineering to 

understand and mimic biological systems that have the ability to autonomously sense stimuli, 

process these inputs, and respond by performing mechanical work. New chemical systems are 

responding to the challenge and form the basis for future responsive, adaptive, and active 

materials. In this article, we describe a particular biochemical-biomechanical network based on the 

microtubule cytoskeletal filament – itself a non-equilibrium chemical system. We trace the non-

equilibrium aspects of the system from molecules to networks and describe how the cell uses this 

system to perform active work in essential processes. Finally, we discuss how microtubule-based 

engineered systems can serve as testbeds for autonomous chemical robots composed of biological 

and synthetic components.

Introduction

Microtubules, tubular structures with a diameter of 25 nm and a length of several 

micrometers formed from the protein tubulin, are a unique system to study non-equilibrium 

assembly processes.1, 2 Starting with the near-equilibrium polymerization of tubulin into 

microtubules, over the complex behaviors and functions enabled by dynamic instability, to 

the close-to-macroscopic behavior of microtubule assemblies, recent research is illustrating 

the transition from chemistry to robotics. A special emphasis of current research are 

situations where biomolecular motors, such as kinesin, can couple the system to stores of 

chemical energy while thermal fluctuations still remain critical for the system behavior. In 

biological systems, microtubules act as “robotic arms” grasping chromosomes or waving 

cilia, and the study of these systems generates valuable insights into non-equilibrium 

thermodynamics as well as molecular robotics. Our discussion of recent contributions to the 

field is loosely organized around the “distance from equilibrium,” starting with microtubule 

assembly and ending with molecular robotics.

Microtubules are polymers of alpha-beta tubulin dimers that assemble non-covalently using 

hydrophobic and electrostatic interactions (Fig. 1a). They are important biological structures 

that form the structural support girders of the cell (Fig. 1b). They mechanically support long 

extensions in axons, dendrites, cilia, and flagella. Microtubules act as load-bearing 

compression rods in muscle that enable contracting muscle fibers to spring back fully3. They 
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set up the cell division machinery, the mitotic spindle, and their disassembly acts to pull 

apart chromosomes in the dividing cell (Fig. 1b).

Structurally, microtubules are built to withstand mechanical stresses. As hollow cylinders, 25 

nm in outer diameter and 17 nm in inner diameter, they are built to withstand compressive 

loads and are significantly stiffer (persistence length of 1 mm) compared to other filaments 

that are built like twisted strings, such as actin or DNA. The microtubule tube is composed 

of a lattice of alpha-beta tubulin dimers that bind in a rhombic lattice that closes into a tube 

with 13 longitudinal lattices, called protofilaments (Fig. 1). The individual tubulin dimers 

are actually enzymes that bind and hydrolyze GTP as an energy source causing the filament 

length to change in time. Thus, microtubules are inherently non-equilibrium and dynamic. 

Further, microtubules couple to a host of associated proteins and enzymes that all act in 

concert to create the essential cellular structures described above. These individual structures 

may appear static, but all are dynamical steady-states. In this review, we will describe the 

non-equilibrium world of the microtubule from their individual dynamics to the coupling of 

many filaments with motors in simplified in vitro systems to describing how the complex 

biological machines of the cell use them to sense, decide, and react to cause motion and 

work. We highlight recent efforts to utilize microtubules and kinesin motors as components 

in molecular systems, which may evolve into autonomous molecular robots. Finally, we 

discuss studies pointing to the fundamental limits in the performance of molecular robots.

Equilibrium Aspects of the Assembly of Tubulin into Microtubules

The polymerization of filamentous microtubules is an entropically-driven process and the 

polymeric form is actually the minimum-energy state for the system at 37°C. 

Experimentally, we know this because when we assemble tubulin dimers using a slowly-

hydrolyzable analog of GTP, GMPCPP, the filaments assemble normally. Although it may 

be surprising that assembly could be entropically driven, it is possible because the water 

molecules, which are far more numerous composing the bulk of the system, have increased 

entropy when microtubules polymerize. It is the hydrophobic, greasy patches between 

dimers that restrict the accessible states of the nearby water molecules. When the dimers 

bind, these hydrophobic patches exclude the water.

Once polymerized with GMPCPP, microtubules are fairly stable structures until the 

GMPCPP is hydrolyzed. Stability in this case means they stay polymerized in different 

conditions including cold temperatures (4–10°C) and dilution of the filaments below the 

typical critical concentration for polymerization. In addition to GMPCPP, there are other 

stabilizing effectors, such as the chemotherapeutic drug, paclitaxel (Taxol). Like GMPCPP, 

Taxol stabilizes the microtubule against cold depolymerization and lowers the critical 

concentration, no matter which nucleotide is in the binding pocket (GTP, GDP, GMPCPP). 

Taxol is a hydrophobic molecule that binds to the beta tubulin monomer near the GTP-

binding site.

The length distribution of rapidly grown and subsequently stabilized microtubules has been 

found to follow a Schulz distribution,5 which is frequently used to describe molecular 

weight distributions of synthetic polymers.6 Schulz distributions have a linear increase at 
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low molecular weights, a peak at intermediate molecular weights, and an exponential 

decrease towards higher molecular weights. They arise from the kinetics of polymerization 

at more than one end of the polymer chain.7 Growth by tubulin addition terminates when a 

local equilibrium between the growing microtubule end and the local free tubulin 

concentration has been established. In conditions typically used to polymerize microtubules 

in vitro, this occurs on a timescale of less than an hour.8

The observation that microtubules join end-to-end on a timescale of days, most recently 

illustrated by the work of Bachand et al.9, demonstrates that the microtubule length 

distribution continues to evolve towards a global minimum in free energy. However, the slow 

translational and particularly rotational diffusion of these polymers with molecular weights 

in the GigaDalton range leads to extremely slow reaction kinetics.

The example of tubulin polymerization illustrates nicely that our notion of equilibrium is 

inevitably associated with a specific timescale. Depending on the timescale (here minutes vs. 

days), the system is capable of overcoming kinetic barriers of different sizes and thereby 

explores different regions of the phase space.

Assembled microtubules are known for their superior mechanical properties, which play 

essential roles in their cellular abilities. Stabilized microtubules are important to the stability 

and length of the axon, for instance. In the axon, microtubules are stabilized by the neuronal 

microtubule-associated protein (MAP) tau, which also stiffens the filaments.11–13 

Interestingly, Taxol has generally been shown to make microtubules more flexible both by 

direct experiments and from molecular dynamics simulations,13–18 whereas GMPCPP 

microtubules are measured to be stiffer.13, 16, 19 Microtubule stabilization also appears to 

coincide with certain post-translational modification states, such as acetylation, but it 

remains unclear if acetylation causes stiffer filaments, or if acetylation recruits stabilizing 

and stiffening MAPs.

Non-Equilibrium Aspects of the Assembly of Tubulin into Microtubules 

(Dynamic Instability)

Although microtubule polymerization is a process moving towards equilibrium, the 

individual tubulin dimers themselves are enzymes that bind and hydrolyze GTP to GDP. 

That hydrolysis causes conformational changes within the tubulin dimer subunit that tilts 

and shifts the interactions between the dimers. These conformational changes were once 

thought to be a bending within the dimer because the equilibrium structures of GDP tubulin 

are GDP-rings composed of microtubule protofilaments that are bent back and around20. 

Recent high resolution structural work shows that the conformational changes are much 

more complex but resemble a compaction that results in a tilting of the interdimer 

locations.21, 22 The end result is still a dimer that changes from a straight conformation to a 

tilted back conformation upon hydrolysis of GTP (Fig. 3).

GTP hydrolysis within a tubulin dimer occurs only at the beta-tubulin at the exchangeable 

site (E-site), and the binding of the next dimer longitudinally on the same protofilament 

catalyzes hydrolysis and the subsequent conformational change. Thus, the dimers at the end 
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of the filament have a high probability of having GTP at the E-site and being in the straight 

conformation (Fig. 3). Once the next dimer binds, the probability of hydrolysis increases, so 

the dimers within the body of the microtubule filament are most likely in the GDP, tilted 

conformation. Despite their desire to alter their internal conformation to the compacted 

form, GDP-dimers in the body are constrained to stay bound to their neighbors - forced into 

the straight conformation. This causes the dimers to be at a higher potential, 

conformationally spring loaded.

The stored strain energy favors the disassembly of the microtubule, but the presence of GTP-

dimers at the microtubule end (a “GTP cap”) creates a kinetic barrier, which maintains the 

microtubule in a metastable state. Slowing addition of GTP-dimers, either as a result of low 

dimer concentrations or as a stochastic event, may cause the loss of the GTP cap by 

conversion of the GTP-dimers into GDP-dimers. Without a GTP cap, there is no barrier to 

disassembly and the microtubule depolymerizes rapidly (an event referred to as 

“catastrophe”). When the depolymerization process is arrested and reversed to growth 

(termed “rescue”) it is typically either due to GTP-dimers remaining in the lattice or the 

binding of stabilizing associated proteins.

While the entire solution (buffer, tubulin, microtubules, GTP, GDP, phosphate) evolves 

towards equilibrium, the GTPase character of the tubulin couples microtubule assembly to 

the exothermic conversion of GTP into GDP and maintains the microtubule population in a 

non-equilibrium state. In a cyclic process, binding of GTP primes tubulin for assembly, 

assembled tubulin converts GTP to GDP, the presence GDP tubulin enables disassembly 

followed by GDP unbinding and restoration of free tubulin. While free in solution, tubulin 

dissociates GDP and rebinds GTP, making it competent to polymerize once again. Most 

assays are done in a GTP-rich environment, where GTP is not the limiting factor. While the 

coupling of an exothermic to an endothermic reaction is of course present in many 

biochemical systems, the intrinsic microtubule mechanics gives the microtubule 

polymerization in the presence of GTP an unusual kinetics.

The long-time equilibrium of tubulin is not that interesting. When GTP runs out, tubulin 

stays in the dimer state. Other polymerization species can be formed, such as GDP rings20. 

Ultimately, tubulin will unfold and aggregate non-specifically. Tubulin requires a chaperone 

to fold, so once it is unfolded, it cannot return to the properly folded state outside of the cell. 

Misfolding of tubulin is often triggered by reactive oxygen species (ROS). One recent work 

has shown enhanced and elongated microtubule dynamics when the ROS are removed from 

the solutions.23

For most in vitro assays, the total concentration of tubulin is fairly small (1 μM – 45 μM) 

compared to GTP (1 mM), allowing multiple rounds of GTP hydrolysis and GTP rebinding. 

Although the exchange of GDP to GTP in free tubulin is fast, it can become rate limiting and 

lead to coupled oscillations in the microtubule phase. Studies performed at an order of 

magnitude higher tubulin concentrations than typical (50 – 400 μM), show that the entire 

microtubule population can oscillate in autonomous polymerization-depolymerization 

cycles.24, 25 Theoretical modeling shows that the oscillations emerge from the replacement 

of GTP in the released tubulin limiting the reaction and the return to polymer.24 These 
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results are strikingly different from those at low concentration where every individual 

microtubule is performing dynamic instability such that the total background tubulin 

concentration stays constant.

The original measurements demonstrating dynamic instability required there to be two states 

(GTP and GDP) in order to recapitulate the long growth and fast shrinkage times 

observed.26 Thus, since the system was observed to have dynamic instability, it was known 

to be a non-equilibrium process. Mitchison and Kirshner stated, “The observed length 

fluctuations are much too large to be explained by random fluctuations of an equilibrium 

polymer. Using reasonable rate constants, a polymer 15 μm long would take a year to 

fluctuate to zero by fluctuations at equilibrium, and the addition of treadmilling would not 

give the observed rates.”26 Thus, the first realization of how fast microtubule dynamics were 

at equilibrium lead immediately to the need for non-equilibrium processes (energy-utilizing 

conformational state changes) to reconcile the dynamics. No equilibrium process, even one 

with cooperativity, would enable such fast kinetics.

As stated above, the microtubule dynamics are inexorably linked to the mechanical nature of 

the filaments. The mechanical properties of dynamic microtubules have been measured and, 

interestingly, are dependent on the growth rate of the tubulin.27, 28 This is due to the fact that 

fast polymerization results in microtubule lattices with defects. As we know from other 

crystalline growth processes, fast, stochastic growth can lead to lattice defects, such as 

empty lattice sites and dislocations. Additionally, the fact that microtubules can end-to-end 

anneal (Fig. 2c) can lead to lattice defects at the annealing site.

Recent work has shown that when free tubulin is present, defects in the microtubule wall 

lattice can heal by the addition of new dimers to open sites.28, 29 When the free tubulin 

associates within the lattice defect, it is in the GTP form, in the straight conformation.29 The 

healed site becomes mechanically and chemically more stable.28, 29 A recent cellular study 

has shown that the healing of microtubules enhances the mechanical stability in cells.29 The 

enhanced stability of the microtubule cytoskeleton in one particular region of the cell can 

cause the cytoskeleton to increase growth in that direction.29 Since the microtubules are the 

steering wheel of motile cells,30, 31 increased growth in one region of the cell edge can turn 

a motile cell.29 Thus, the local mechanical nature of microtubules within a cell can direct the 

cell’s motion.

Microtubules’ ability to self-heal by the addition of new tubulin dimers is important for a 

number of cellular activities. For instance, it has been previously shown that katanin, a 

microtubule severing enzyme, targets microtubule defects.32, 33 That implies that a defect, if 

left unhealed, could potentially lead to the severing and collapse of the filament. Further, 

recent work has shown that microtubule defects can inhibit the transport of motor proteins 

needed to traffic intracellular cargos.34, 35 Another recent study demonstrated that 

intracellular transport can be enhanced when microtubules are stretched in live neurons.36 

These studies imply that mechanical stresses and even damage to microtubules can affect the 

biological functions and activities of microtubule filaments.
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Feedback and Control in the Assembly of Tubulin into Microtubules

As described above, tubulin at very high concentrations can form a negative feedback loop 

due to the lag in re-binding of GTP.24, 25 This feedback causes the polymerization and 

depolymerization to coordinate into oscillating waves.24 In cells, tubulin concentration is not 

that high, yet microtubule growth and shrinkage is coordinated through microtubule-

associated proteins (MAPs) that bind to the filaments and alter the polymerization, 

depolymerization, catastrophe, and rescue rates. There have been a number of studies that 

have catalogued the effects of individual types of MAPs on microtubule dynamics.37–40

Some MAPs individually alter the microtubule dynamics. For instance, tau protein, a MAP 

found exclusively in the axons of neurons that is misfolded and aggregated in patient brains 

with Alzheimer’s disease and dementia is known to stabilize filaments, promote 

polymerization, and mechanically rigidify microtubules (Fig. 4a).12, 13, 41, 42 Another 

positive microtubule regulator is doublecortin, which binds preferentially to and creates 13-

protofilament microtubules.43 Doublecortin binds to the junction between dimers, which 

could help it to control the position of the next dimer into a perfect 13-protofilament 

lattice.44

There are several MAPs that have been shown to have altered affinity for different types of 

tubulin enzymatic states. As described above, tubulin has different conformations depending 

on the nucleotide in the E-site of the beta tubulin (GTP, GDP-Pi, or GDP). Both end-binding 

proteins (EB1, 2, 3) and TOG-domain proteins (such as XMAP215 and CLASPs) appear to 

have weaker affinity for the GDP state.22, 45–47 Because only the GTP cap of the 

microtubule has GTP or GDP-Pi (Fig. 3), these proteins preferentially bind to and “track” 

the growing microtubule ends. Interestingly, most of these proteins act to decrease the 

critical concentration – enabling growth at lower tubulin concentrations.48 But, these 

proteins have differential effects on microtubule dynamics including: enhancing 

polymerization rates (XMAP215),46, 49–54 enhancing rescues and inhibiting catastrophes 

(CLASP)46, 50, 55 or enhancing catastrophe (EB proteins)48, 52 of dynamic microtubules. 

This could be due to limiting the ability of tubulin to bind just from steric effects.

There are two main types of destabilizing MAPs, all of which are ATPase enzymes. One 

type is a variant of kinesin motor proteins, which typically walk along microtubules and 

carry cargos to the microtubule plus-ends. The kinesin-family of destabilizers use the 

ATPase to destabilize the microtubule protofilaments from their ends and peel them back. 

The first discovered microtubule destabilizer was MCAK, discovered from Xenopus egg 

extracts.56 Since MCAK’s discovery, several branches of the kinesin family tree have been 

shown to have a penchant for destabilizing microtubules including the kinesin-8s and 

kinesin-13s.37 Depolymerizing kinesins play a major role in mitosis to control microtubule 

dynamics, length, and stability throughout the process. The depolymerizing activity of these 

kinesins has been recapitulated using purified proteins in vitro. In the presence of dynamic 

microtubules with 15 μM free tubulin, MCAK has been shown to be a catastrophe factor57 

or completely inhibit growth.48 Interestingly, they can also disassemble stabilized 

microtubules, but not “doubly stabilized” microtubules that have both GMPCPP and Taxol 

present.58
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The second family of microtubule destabilizing enzymes are the microtubule severing 

proteins. These proteins are evolutionarily distinct from kinesin enzymes.40, 59 They are 

from the ATPases Associated with various cellular activities (AAA+) enzyme family – an 

ancient enzyme family with members in all cell types and organisms. The AAA+ enzymes 

form hexameric rings with an active pore in the middle. Severing enzymes come from three 

families, katanin, spastin, and fidgetin. They all appear to form rings where the active pore 

recognizes the carboxy-terminal tail of tubulin dimers, but the specific mechanism for how 

severing enzymes work to remove dimers from the lattice is still a mystery. Interestingly, 

katanin can sever stabilized and doubly stabilized microtubules,33 but not dynamic 

microtubules (Fig. 4b). We have found that this is because free tubulin dimers in solution 

can inhibit the binding of katanin.60 Spastin and fidgetin have not been tested on dynamic 

microtubules, but may face the same challenge.

The microtubule depolymerizing and severing enzymes can break microtubules down into 

dimers, but can also create other tubulin assembly byproducts. The breaking pathways and 

subsequent tubulin products of destruction can be informative about how the microtubule is 

assembled and the energetics that hold it together and allow it to heal. Studies on 

microtubule structural failure have informed on the ability of depolymerizers and severing 

enzymes to exert forces to destroy microtubules. In particular, molecular dynamics 

simulations can apply pulling or pushing forces at particular locations along the microtubule 

lattice to determine the work required to destroy the lattice.61–64 In these works, it is clear 

that the intramolecular bonds between dimers are the weak points in the lattice, and they 

come apart before dimers are unraveled.64 These studies are complimented by several 

experimental studies of the structure of filaments during and after forced destruction by 

depolymerizing enzymes or severing enzymes.65–67 Other studies have used atomic force 

microscopy (AFM) techniques to specifically push on microtubules.68–70 The microtubule 

cylinder can buckle under such pushing, and individual dimers can also be removed, if the 

AFM cantilever tip is small enough to apply a contact pressure at one point.70

In the cell, there are multiple microtubule regulators that can all act simultaneously. In order 

to dissect the synergistic, cooperative, or antagonistic effects of these regulators in concert, 

researchers are systematically combining these regulators to determine if they stymie or 

enhance microtubule dynamics. Some of the first studies focused on depolymerizing 

kinesins (MCAK) with plus-end stabilizers (EB3).48 MCAK has an EB-binding domain, an 

SxIP motif, which caused the MCAK to localize to the growing plus-ends. The MCAK and 

EB3 were able to overpower one another at extreme ratios, but when balanced, they 

increased the dynamicity of the microtubules giving the microtubules a longer average 

length with frequent catastrophes and rescues.

We have combined the stabilizer, tau, with the microtubule severing enzyme, katanin (Fig 4), 

and find that together, microtubules are more dynamic. This is similar to the effect of EB3 

with MCAK. Microtubules are protected from severing by free dimers alone until katanin is 

at very high concentrations (Fig. 4). Tau protects, stabilizes, and promotes growth, even in 

the presence of katanin, inhibiting the loss of polymer (Fig. 4).
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An exciting study was published recently using five different microtubule regulating MAPs 

to determine a complete biochemical network of microtubule dynamic activity.55 The 

proteins used included EB1, TOG proteins XMAP215 (msps) and CLASP (Mast/Orbit), 

SLAIN2 (Sentin), and depolymerizing kinesin kinesin-13 (Klp10A). Interestingly, the 

Drosophila CLASP, called Mast/Orbit, suppresses microtubule growth alone, which is 

different from prior work with CLASPs.46 In combination, these five factors occupy a phase 

space made up of growing, shrinking, and paused microtubules. Interestingly, the paused 

state was truly pausing – not growth and shrinkage with rapid dynamics, as observed with 

MCAK and EB3. Future studies with severing enzymes acting as negative regulators would 

shed even more light onto the control of microtubule dynamics.

Stabilizers and destabilizers in combination and competition provide regulatory feedback 

loops to control microtubule dynamics in cells. For instance, depolymerizing motors work to 

detach incorrect or ineffective microtubule-kinetochore attachments in the mitotic spindle. 

Many of the motors and associated proteins are controlled by kinases that alter binding 

through specific phosphorylation sites Together, this regulation constitutes the spindle 

checkpoint – a feedback system used to ensure correct chromosome separation during 

mitosis.71 We discuss these biological examples of microtubule network organization under 

feedback control and producing work in live cells below.

Equilibrium Self-Assembly of Microtubules in vitro

The transition from equilibrium to non-equilibrium dynamics described above for the 

assembly of microtubules from tubulin proteins can also be found in the assembly of higher-

order structures made from microtubule filaments. Microtubules are negatively charged rigid 

rods in typical buffers, and therefore will assemble into a nematic phase at sufficiently high 

concentrations (Fig. 5a).72 Manipulation of the microtubule-microtubule interactions by 

addition of counterions can induce attraction and the formation of microtubule bundles.73 

Similarly, depletion agents can induce attractive interactions between microtubules and 

bundle formation.73, 74

A particularly interesting system are microtubules interacting via Ase1 proteins.75 Ase1, 

also known as MAP65 in plants and PRC1 in mammals, is capable of cross-linking 

microtubules while being able to laterally diffuse along the tubulin lattice. This entropically 

favors overlap between the cross-linked microtubules and generates a thermodynamic 

driving force towards contraction of a microtubule network, which can be well-understood 

with equilibrium thermodynamics (Fig. 5b).76, 77 Despite being transient, weak and 

thermodynamically controlled, many of these interactions coupled together can overpower 

active motor proteins.78

In contrast, cross-linking of microtubules by strong cross linkers, such as streptavidin 

proteins cross-linking biotinylated microtubules, leads to highly disordered networks of 

microtubules.79 Although parallel bundles of microtubules would maximize the number of 

cross-linkers and minimize the elastic energy stored in bent microtubules, the system is 

quickly trapped in a local energy minimum where the number of cross-links is low and the 

stored elastic energy is high.80, 81 Since the lifetime of each biotin-streptavidin bond is on 
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the timescale of hours,82 the evolution towards the equilibrium configuration is extremely 

slow.83

Binding of microtubules to a predetermined attachment site by specific interactions can be 

used to construct microtubule structures with desired geometries. For example, streptavidin-

coated microspheres or surface patches can organize biotinylated microtubules into aster 

shapes (Fig. 5c).84, 85{Armstrong2014} However, the low translational and rotational 

diffusion coefficients of long microtubules can increase the assembly time under equilibrium 

conditions so much that this approach becomes impractical for larger structures.86 The 

preferred approach is therefore to let short microtubules self-assemble onto the attachment 

site and then extend the microtubules by further polymerization with added tubulin.87, 88

“Passive” self-assembly, where the building blocks move by diffusion and mismatched 

connections are broken by thermal forces, can yield beautiful equilibrium structures (such as 

DNA origami89 and of course microtubules themselves). However, passive self-assembly is 

opposed by strong bonds and slow diffusion, and both factors start to act in the assembly of 

microtubules-based structures.

Non-Equilibrium Self-Assembly and Self-Organization of Microtubules in 

vitro

The limitations of slow diffusive transport can of course be overcome by manipulating 

microtubules with external fields. In particular, dielectrophoresis has proven to be a useful 

tool to attract microtubules to specific sites and form structures resembling e.g. the mitotic 

spindles described below.90, 91

However, rather than the organization of microtubules with long range fields, the emergent 

phenomena induced by the local interactions of microtubules with motor proteins have 

captured the imagination of researchers.92, 93 Kinesin and dynein motor proteins interacting 

with microtubules permit the coupling of microtubule manipulation to a large reservoir of 

chemical energy in the form of ATP.94, 95 This chemical energy can be either used to speed 

up assembly processes (overcoming either kinetic barriers or friction and viscosity) or to 

reach high energy metastable states.86 A third and maybe the most exciting possibility is to 

use the energy to maintain dissipative non-equilibrium states, which will revert to 

equilibrium states when the ATP is exhausted.74, 77, 96, 97

The acceleration of assembly and the creation of stable but strained structures due to the 

mechanical work performed by molecular motors is best characterized as “active self-

assembly” because the system does not quickly revert to equilibrium after the flow of 

chemical energy is stopped. In contrast, the emergence of ordered states which depend on 

the constant flow of energy is a classic example of “self-organization”. Active self-assembly 

appeals to the engineer as a bridge between self-assembly utilizing diffusive transport and 

robotic assembly where the sequence of assembly steps is programmed98. However, 

biological systems demonstrate that self-organized structures enable a desirable mix of 

adaptability, robustness, and longevity, which researchers try to replicate in the creation and 

study of “active matter”.99
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The state of the art in the active self-assembly of microtubules is described in a recent 

review.100 The initial descriptions of the nanowire and nanospool structures formed when 

microtubules gliding on a surface coated with kinesin motors can interact with each other via 

biotin-streptavidin linkages80, 81 have been complemented by detailed studies elucidating the 

assembly process.101–116 Under suitable conditions, microtubule bundles with close to 

millimeter dimensions have been obtained, and a mathematical description of the process 

captured the fundamental differences between diffusive and active transport of building 

blocks in self-assembly (Fig. 6a).117 Equally important is the ability to utilize some of the 

mechanical work by the motors to create highly stressed structures, that is microtubule 

spools with a diameter of a few micrometers. Finally, the forces produced by the molecular 

motors enable the breaking of unwanted connections and thereby let the system overcome 

kinetic barriers on its path to assembly.

The study of microtubule self-organization processes mediated by kinesin motors in vitro 

was pioneered by Nedelec et al.92 who demonstrated that microtubules interacting with 

motile cross linkers formed by kinesin motor assemblies evolve into ordered structures 

reminiscent of mitotic spindles. Several recent high profile studies expanded upon this theme 

and demonstrated filament/motor systems exhibiting self-organization, ranging from 

networks formed by actin filaments and myosin motors,119, 120 over vortex lattices emerging 

from microtubules moving on surface-adhered motors,94, 97, 121 to microtubule bundle 

networks exhibiting motion and internal flows driven by kinesin motors.74, 77118, 122

For both self-assembly and self-organization processes we can consider a notion of 

efficiency.123 If a highly strained structure, such as a “microtubule spool”, is formed, how 

much chemical energy has been expended relative to the stored strain energy? If the 

assembly of a structure, such as a “microtubule wire”, is accelerated by motor-driven 

transport, how much chemical energy has been utilized to produce a given amount of heat as 

result of viscous friction? If the maintenance of a self-organized structure requires a certain 

flow of energy, how much larger is the consumption of chemical energy?

The principal appeal of motor proteins is their stunning efficiency in converting chemical 

energy into mechanical work (frequently larger than 40%).124–126 However, this potential 

for high efficiency is frequently not utilized by the system. For example, the assembly of 

extended microtubule wires relies on the active transport of microtubules by surface-adhered 

kinesins, but the viscous force resisting the microtubule gliding is on the order of tens of 

femtoNewtons while the hundreds of kinesin motors propelling the microtubule can supply 

hundreds of picoNewtons as each one of them consumes one ATP molecule for every 8 nm 

step it takes. Thus the system efficiency is below 0.001%.

Well-designed macroscale robotic systems exhibit much higher efficiencies. Further, the 

efficiency of self-assembly by diffusive transport – as encountered in chemical reactions – is 

high in processes near equilibrium where little of the free energy of the system is dissipated 

during the assembly process in excess of what is needed to perform the assembly. Biological 

self-organized systems tend to achieve high efficiency not only at the level of the employed 

motor, but often also at the level of the overall system, such as a muscle or in neuronal 

transport. We believe that low efficiency will be a major roadblock to the utilization of non-
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equilibrium processes,127 and that progress towards the thermodynamic limits will be 

essential.

Another design feature of using microtubule-based systems is the mechanical properties. As 

described above, microtubules are incredibly stiff and capable of withstanding compressive 

loads. Further, the ability of microtubules to self-repair after degradation by the addition of 

new dimers to the ends or sides of the filaments allows them to withstand molecular wear. A 

number of recent papers have demonstrated that simple kinesin-microtubule interactions can 

cause wear and even tearing apart of stabilized microtubules.128–130 These reports, 

combined with those mentioned above, detail the limitations of stable microtubules with 

respect to mechanical failure. The good news is that dynamic microtubules give a solution to 

these limitations. The ability of dynamic microtubules to regrow and self-heal in the 

presence of free tubulin dimers enables microtubules to be essential parts of cellular 

machines (see next section). Further, understanding and using this property will allow us to 

design and use microtubules in engineering and practical applications to be apart of 

molecular robot systems of the future (see below).

Complex, Controlled Non-Equilibrium Feedback in Biology

As just described, microtubules are the ideal structural basis on which to build biological 

machines of the cell. Such essential cellular organizations are dynamically arranged and 

maintained through non-equilibrium processes. Two specific examples include the cilium 

and the mitotic spindle. For instance, the cilium structure appears quiescent, yet the 

organization of microtubules, associated proteins, and axonemal dynamics required for cilia 

length maintenance and motility is truly in a dynamical steady state maintaining the 

structure.131–134 With genetic manipulation, the steady state can be altered to have shorter 

flagella or different beating patterns.131, 133, 134 When mechanical manipulation is 

performed, such as removal of one flagella from a Chlamydomonas cell, the system is out of 

steady state but recovers by shrinking one cilium while growing the other until the two catch 

up and grow together.133, 135 Interestingly, models to describe such systems are reminiscent 

of “control theory,” an interdisciplinary branch of engineering and mathematics that deals 

with the behavior of dynamical systems with inputs, and how their behavior is modified by 

feedback.133

The mitotic spindle is another microtubule-based organization that appears quiescent, but 

observations point to a dynamical steady state of tubulin proteins turning over along the 

length of the football-shaped structure. The mitotic spindle turn over comes from both 

microtubule nucleation, dynamic instability, and the activity of individual motors and 

crosslinking proteins acting along the length of the spindle.136

There are also known gradients of kinases and phosphatases that control the state and 

interaction of a host of microtubule-associated proteins and motors.137 The underlying 

structure of the mitotic spindle is not that complex, but the non-equilibrium maintenance, 

information processing, feedback control, and resulting work that results in the splitting of 

the genetic material into two new cells is still being elucidated. A recent review by Trivedi 

and Stukenberg postulate a double feedback loop control system to control the mechanical 
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and chemical signaling in the kinetochore/centromere “checkpoint” system that could 

control when the spindle decides to divide,71 so we will not go through it completely here. 

Instead, we will highlight a few examples involving microtubules and motors relevant to the 

active, non-equilibrium systems described above.

Such microtubule systems are not simply chemical, but utilize the mechanical nature of the 

filaments to create forces to perform mechanical work to move objects in the cell. This is 

perhaps more obvious in the mitotic spindle (Fig. 7). At early stages, microtubule 

polymerization and association of proteins act to completely rearrange the microtubules and 

genetic chromosomal materials into the center of the cell. The astral microtubules that 

extend to the edges of the cell from the microtubule organizing centers act to keep the 

spindle in the exact center of the cell longitudinally (Fig. 7(b)). Work in reconstituted 

systems show that microtubule-organizing centers can center themselves in a microchamber 

coated with dynein motors.138 Interestingly, the microtubules are not being pushed in this 

system, but rather pulled. The centering comes when the number of microtubules on each 

side is equal, making the sum of the forces equal to zero. Lateral spindle centering has also 

been recently investigated in live C. elegans egg cells using magnetic tweezers (Fig. 7(d)). 

The resultant force measurements show that there is a combination of viscous and elastic 

elements keeping the spindle in the center and not drifting side-to-side.140

Another location in the metaphase mitotic spindle where force-feedback plays an essential 

role is in the link between the microtubules of the spindle and the kinetochores (Fig. 7(c)). 

Over the past several years, sensitive force measurements have shown that kinetochores can 

bind to microtubules with a catch-bond type of interaction that strengthens under tension – 

much like a finger-trap toy.139, 141 These tension sensors hold tight when under tension 

between the two sister chromatids, turning off the spindle check-point when ready to split 

into two. This alignment is an essential organization to count and catalogue the genetic 

material. Once aligned and processed, the system changes to pulling apart the chromosomes 

to the two far ends of the spindle to create the centers of the two, new daughter cells.

These examples are just a few of many exciting and clean quantitative measurements now 

accessible to understand biological processes involving microtubules. The resultant new 

information is allowing specific and accurate modeling to feed predictions into more 

experiments. The feedback of these systems are beginning to be understood, and once they 

are understood, we may begin to use the same ideas to create autonomously self-organizing 

and responsive “robot” systems of the same microtubule materials in vitro.

Engineering Autonomous Molecular Robots

In our efforts to engineer robots at the molecular and nanoscale it may be helpful to achieve 

clarity about language and goals. What is an autonomous molecular robot?

In traditional usage, a robot is a programmable machine. It is characterized by both 

information processing and performance of mechanical work. Without mechanical 

movement, we may have a computer or sensor, but not a robot. Without programmability, we 

have a machine. The design and synthesis of molecular machines is worthy of a Nobel Prize 
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in Chemistry, as the award to Feringa, Sauvage, and Stoddart in 2016 demonstrates, but they 

are not robots. Many machines can sense, compute and act, but they do so in a “hard-wired” 

fashion. In other words, a mousetrap is not a robot.

An objection is that a molecular robot is programmed at the moment of its creation, that a 

molecular entity - by necessity – follows a set of instructions encoded into it and a different 

set of instructions change the molecular entity. For example, a program can be encoded in a 

DNA strand, but the information is inseparable from the molecular structure. However, some 

molecular structures can clearly be programmed to change their behavior, e.g. by changes in 

redox states, conformational changes, or post-translational modifications. For example, the 

Bryant group has developed kinesin motor proteins which alter their direction of movement 

along the microtubule in response to optical stimuli.142 Thus it seems fair to require 

programmability even for molecular robots.

Biological systems however illustrate the challenge to conceptual clarity. The ribosome 

performs a sequence of assembly steps defined by the binding mRNA, but is the mRNA-

ribosome complex a robot executing a program, or is the ribosome a machine resembling a 

printing press which inalterably performs the sequence of functions dictated by the mRNA? 

Are the proteins binding to microtubules and modifying their dynamic behavior, instruction 

being stored on the surface of a microtubule robot, or parts modifying a machine?

Similar confusion can be induced by the macroscopic “foals” created by artist Douglas 

Repetto.143 Despite having barely more parts than a mousetrap, these wooden structures 

powered by a constantly rotating electric motor exhibit seemingly awareness of their 

physical environment and complex movements which can be altered by minor modifications 

to their structure. In robotics, the concept of passive-dynamic walking machines challenges 

our ideas what a robot has to be.144

Progress in robotics as well as our increasing familiarity with macroscale autonomous 

robots, such as the “Roomba” or the “Aibo”, has somewhat shifted the concept of a robot 

away from a programmable machine to an autonomous device capable of sensing, 

computing and actuating even if the responses are hard-wired. Walter’s tortoises,145 

Braitenberg’s vehicles,146 and an electronic mousetrap would be considered by most as a 

“robot”. Thus Winfree suggested at one point that “robot” is not a useful technical term.147

Murata et al. define a molecular robot as “a set of molecular devices such as sensors, logic 

gates, and actuators integrated into a consistent system”,148 which appears to gloss over the 

distinction between a machine and a robot. But the research described by Murata et al. 

reveals an emphasis on mobility and thereby suggests that a robot can be thought of as a 

mobile machine. From this point of view, a ribosome (stationary) is a machine, RNA 

polymerase (moving along the DNA strand) is a robot. Thus a slight revision of Murata’s 

definition to “a set of molecular devices such as sensors, logic gates, and actuators integrated 

into a mobile system” may capture the spirit of molecular robotics.

What constitutes autonomy at the molecular scale is similarly worth asking.149 At the 

macroscale, autonomy is conferred by energy storage and the ability to sense, compute and 

act without communication with a controller. In biology, cells are clearly autonomous units 
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capable of storing energy, processing inputs, and responding with complex actions. Which 

of these characteristics can be obtained in molecular robots?

Molecular shuttles assembled from microtubules and kinesin motor proteins are model 

systems for autonomous molecular robots, and they are well-suited to illustrate the meaning 

of “a set of molecular devices integrated into a mobile system” as well as to examine the 

meaning of autonomy at the molecular scale.150, 151

In the most frequently employed design, kinesin motor proteins are adhered to a surface and 

propel microtubules stabilized against depolymerization with velocities up to 1 μm/s (Fig. 

8a).151 Various passive and active means to control the velocity and direction of microtubule 

gliding have been developed.151–155 For example, ATP concentration or temperature can 

control microtubule speed, and guiding channels and external fields can control the direction 

of movement. Cargo can be attached to and removed from gliding microtubules via specific 

cross linkers, including antibodies, DNA strands, and biotin streptavidin bonds.

An individual microtubule and its associated motors can be considered a molecular robot, 

although the identity of kinesin motors constantly changes as the microtubule is propelled 

across the surface. The kinesin motors in turn obtain the chemical energy for propulsion 

from ATP in the solution. Therefore, this molecular robot harvests not only energy from the 

environment without any ability to store it, but also continuously exchanges the molecular 

devices composing it with the environment. The “set of molecular devices” referred to by 

Murata et al.148 can therefore be in a dynamic state.

An alternative point of view is to consider the entire experiment with millions of 

microtubules, trillions of kinesin motors and nanomoles of ATP molecules as a molecular 

robot. This “molecular robot” is certainly a system of molecular devices but now only with 

internal mobility and macroscopic dimensions. However, enclosure of microtubules and 

motors into membranes could achieve autonomous microscopic systems resembling cells 

capable of mobility and energy storage, as shown by the Dogic group.74

For a chemist, the first view with a focus on individual supramolecular structures 

exchanging energy and building blocks with the environment may seem more natural and 

better able to capture the molecular character of the system. For example, the variability in 

microtubule length originates in the chemistry of its assembly process (Fig. 2), the elevation 

of gliding microtubules above the surface has been shown to be determined by the free 

energy of the kinesin tails,156, 157 and the direction of movement is influenced by thermal 

fluctuations. Nevertheless, some molecular fluctuations are already smoothed out at the 

scale of an individual gliding microtubule. For example, while the stepping of an individual 

kinesin motor exhibits a randomness related to its chemomechanical cycle, the fluctuations 

in microtubule gliding velocity arise from the randomness in the motor positions on the 

surface relative to the microtubule.158 In some applications, each microtubule performs 

individually the required task and their large number merely amplifies the effect. For 

example in “smart dust” biosensors based on kinesin-powered molecular shuttles, each 

microtubule captures analytes, picks up fluorescent tags, and delivers the tags to a collection 

site.159 Inspired by the camouflage mechanism of fish, Aoyama et al.’s artificial 
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melanophores utilize the transport of fluorescent material by kinesin motors along a radial 

array of microtubules to switch the optical properties of a “pixel” in a large array of such 

devices (Fig. 8b).87

However, in other applications the “set of molecular devices” encompasses more logically 

many microtubules and motors. Nicolau’s biocomputation concept160 (Fig. 8c) relies on a 

large number of kinesin-propelled microtubules (or myosin-propelled actin filaments) to 

traverse a network of channels encoding a mathematical problem. The solution to the 

problem is given by the distribution of microtubules along different exit channels of the 

network. Thus, the solution to the problem emerges from the observation of a “swarm” of 

microtubules, similar to demonstrations of surface imaging by molecular shuttles to reveal 

topography161, 162 or surface deformation163.

While the kinesin-microtubule system allows rapid and efficient conversion of chemical 

energy into mechanical work, it is not naturally suited for sensing and computing functions. 

However, state-of-the-art protein engineering has been shown to imbue kinesins with 

controllability142, and the integration of DNA building blocks has enabled 

programmability164 (Fig. 8d).

The issues of feedback and control have arisen in several studies of the kinesin-microtubule 

system in different guises. Van den Heuvel et al. sorted gliding microtubules by creating a 

feedback mechanism which resorts to macroscopic components (a camera images the 

fluorescently labeled microtubules, a computer evaluates the image and an electric power 

supply adjusts the voltages of electrodes creating an electric field acting on the 

microtubules).165 Similar systems with macroscopic components in the control loop have 

been repeatedly studied, but they clearly remove the autonomy of the molecular robot and 

turn the kinesin-microtubule system into a machine with remote control.166–172 However, a 

gliding microtubule navigating through channels and around obstacles on a surface exhibits 

autonomous behavior similar to Walter’s tortoises. The gliding microtubule “chooses” a path 

which minimizes the bending of the microtubule. Thermal fluctuations introduce noise to the 

microtubule bending and thereby the direction of movement.173, 174 Constraining the 

direction of movement of the microtubule in a general direction (e.g. in a guiding channel) 

requires the addition of mechanical work at every encounter between the microtubule and 

the wall of the guiding channel to counteract the loss of directionality in the direction of 

movement between wall contacts.175, 176

Autonomous feedback and control in molecular robots can often exploit the tendency of the 

system to approach thermodynamic equilibrium. The theory of molecular level control is 

therefore in principle closely connected to non-equilibrium thermodynamics. However, the 

results of modern non-equilibrium thermodynamics yield insights primarily when thermal 

fluctuations are dominant.178 This is the case e.g. for the directionality of smoothly gliding 

microtubules over distances exceeding the persistence length,169, 173, 176, 179 but frequently 

the deviations from the intended direction or desired velocity of a gliding microtubule are 

not thermal in origin (originating e.g. from the encounter with a defective kinesin 

motor).109, 174, 180 In these situations, feedback mechanisms can be created which arise from 

state-dependent rates in a non-equilibrium reaction network (inspired by signal transduction 
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cascades). Such feedback is reminiscent of the formation of an ant trail, where a trail is 

stabilized by the pheromones deposited by ants traveling on it.181

The general robustness of kinesin-driven transport of microtubules has also enabled first 

investigations into engineering challenges such as extending the lifetime of the system. The 

first measure is of course to remove reactive oxygen species (ROS).182, 183 However 

microtubule shrinking, breaking and stopping can be observed unrelated to reactive oxygen 

species, and recent studies have aimed to characterize and minimize these degradation 

processes.129, 184, 185 The example of biological systems suggests that a constant turnover of 

molecular building blocks is required to construct molecular robots with lifetimes exceeding 

a few hours. Schaedel et al. have demonstrated that microtubules possess the capability to 

self-heal after mechanically induced damage, again utilizing microtubules as model systems 

to illustrate molecular engineering concepts.28

In summary, microtubules and their associated motors are an ideal model system to explore 

the engineering principles and potential applications of autonomous chemical robots, 

because they bridge the molecular and mesoscopic scales and permit the application of a 

broad range of techniques from biochemistry, biophysics, and nanoscale engineering. While 

several of the characteristics of an autonomous molecular robot (here defined as a mobile 

system of sensors, logic, and actuators), are so far only present in rudimentary form, it is our 

hope that future researchers will use the term “embryonic” to describe today’s molecular 

systems.

Fundamental limits for molecular robots

An exciting aspect of molecular robots is that they may be designed to operate at the 

physical limits for sensing, computing, and force generation, for example those imposed by 

the second law of thermodynamics. These limits have been investigated in many biophysical 

studies aiming to achieve an understanding of biological systems. The classic paper by 

Adam and Delbrueck describing how a reduction in the dimensionality of diffusion 

processes can facilitate intracellular transport186 has inspired investigations into how 

molecular shuttles can assist in the capture of analytes by nanoscale sensors.187, 188 The 

principles governing information flow in biochemical networks189–191 also apply to 

computations performed by molecular robots.192 Universal bounds apply to the energy 

efficiency of molecular motors,126, 193 and it does not matter if their origin is biological or 

synthetic. Schneider extensively discussed the applications of information theory to 

molecular machine design.194 In fact, a molecular robot may be buffeted by thermal 

fluctuations to such a degree that it is not obviously recognizable as an energy-consuming 

machine, and a recent advance is a procedure to identify non-equilibrium processes from 

violations of detailed balance,195 the organizing principle of molecular machines.196 A 

corollary to the Bell equation defines the optimal loading of a molecular bond,197 providing 

a guidepost to the design of molecular structures in the way yield strength guides structure 

design at the macroscale.

Due to their small energy consumption, molecular robots may even be powered by 

information reservoirs capable of supplying a few bits (or kTs).198 Recent experimental 
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demonstrations supplied a stream of information by modulating external fields,199 but it is 

conceivable that more elegant ways to store and supply information at the molecular scale 

will be found.

Many interesting questions with respect to the fundamental limits of molecular robots and 

their subsystems however cannot be readily answered using thermodynamics or information 

theory. A major practical limitation of the kinesin-microtubule system is the relatively short 

lifetime, however it is not clear if that is a fundamental limitation of molecular motors or 

specific to protein-based motors.200 Marden and Allen discovered an empirical relationship 

between motor force output and motor mass which holds from the macroscale to the 

molecular scale and whose origin is completely unclear (Fig. 9a).201 Armstrong and Hess127 

discussed a requirement for molecular robots rather than a limitation, based on an analogy 

with relationships discovered in ecology: In order to permit their deployment in large 

numbers, the molecular motors employed in the robotic systems have to reach energy 

efficiencies comparable to macroscale engines (Fig. 9b).

Maybe the biggest question is if future molecular robots populating the world will resemble 

biological systems like computers physically resemble brains (meaning not at all), or if they 

will conform to their biological role models by necessity and be soft, fragile, and short-lived.

Conclusions

The future of engineering clearly lies in technologies incorporating soft, active, and 

autonomous systems that can sense, process information, and respond to their environment 

to create forces and work to perform specific tasks to solve currently difficult problems. 

Indeed, many of our most challenging problems involve soft, granular, and biological 

systems that require knowledge and manipulation of such systems. For instance, could we 

design a chemical system to seek out underground or underwater oil spills from pipelines to 

cap and seal before environmental disaster strikes? Can we create systems that will seek out 

survivors from beneath the rubble of collapsed buildings to not only find them, but to also 

reorganize or reorder to create escape pathways for the survivors? Can we build medical 

nanorobots which assist the immune system and reverse aging at the cellular level?

Our deeper fundamental understanding of such chemically autonomous systems can be 

gleaned from further study and understanding of the biological systems we describe in this 

review. Biological systems have evolved to autonomously organize, sense, compute, 

respond, move, create force, and perform work in integrated systems ranging from 

molecules over tissues to animals. We still have a lot to learn from these systems in order to 

engineer our own autonomous materials. At the same time chemically autonomous systems 

begin to inform our understanding of the designs which have evolved in biological systems, 

an approach pursued by the emerging field of synthetic biology.203
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Figure 1. 
(a) Schematic representation of a microtubule with 13 protofilaments. Protofilaments are 

made from tubulin dimers which bind to each other in a head-to-tail fashion. Protofilaments 

bind to each other with an offset which results in a seam in the microtubule structure. The 

ribbon diagram (bottom) is derived from electron crystallography4 and shows the GTP and 

taxol binding sites. (b) During interphase, the microtubule cytoskeleton is radially organized, 

with microtubules emerging from a microtubule-organizing center located in the vicinity of 

the nucleus (visible as the microtubule free central region). During mitosis, two spindles of 

oriented microtubules form, then the microtubules attach to the chromosomes initially 

located along the centerline of the dividing cell and separate them by exerting forces 

generated from depolymerization. Scale bars: 10 μm.
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Figure 2. 
(a) Microtubule assembly proceeds at both ends with unequal rates, giving rise to a length 

distribution with a peak at intermediate lengths. (b) An equilibrium between tubulin addition 

and removal is established within minutes. (c) Mixing two microtubule populations of 

different fluorescent labels (red and green) reveals end-to-end joining of microtubules 

observed on a timescale of days. Scale bar: 10 μm. (a) & (b) reproduced from10 and (c) 

reproduced from9 with permission from the Royal Society of Chemistry.
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Figure 3. 
Microtubule dynamics. (a) Microtubule lattice with GTP cap at plus and minus ends, and 

GDP tubulin in the body. The lattice is a B-lattice, with alpha-alpha lateral interactions. (b) 

Tubulin conformations GTP, straight and extended conformation, GDP-Pi straight and 

compacted conformation, and GDP in the compacted and twisted conformation. (c) Space-

time plot (kymograph) of microtubule length dynamics over time. Images of microtubules 

are laid adjacent to show the length changes over time. Magenta time segments on the right 

denote growth, and green segments denote depolymerisation. Catastrophes are denoted with 

green arrow heads, and one rescue is denoted with a magenta arrowhead. This experiment 

was performed at 20 μM free tubulin. The plus-end is on the right, and the minus-end is on 

the left. Vertical scale bar: 3 min. Horizontal scale bar: 3 μm.
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Figure 4. 
Dynamic instability of 7 μM tubulin in the presence of stabilizers (25 nM tau) and 

destabilizers (katanin) at 23°C. (a) Microtubules are not dynamic in the presence of 7 μM 

tubulin without tau (left), but grows with 25 nM tau (right). (b) The addition of 50 nM 

katanin increases the dynamics of microtubules without tau (left) and with tau (right). (c) 

Adding 500 nM katanin removes all dynamics without tau (left), and inhibits growth with 

tau (right). (d) Adding 5 μM katanin causes the GMPCPP seeds to be depolymerized without 

tau (left), but minimal growth with tau (right).
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Figure 5. 
Equilibrium self-assembly of microtubules. (a) Microtubules at high concentration self-

assemble into ordered arrays (a nematic crystalline phase). This research was originally 

published in72. © the American Society for Biochemistry and Molecular Biology. (b) The 

combination of microtubule aggregation due to depletion forces and forces exerted by cross-

linkers capable of passively diffusing along the microtubule can give rise to contractile 

networks. Reproduced with permission from76. (c) Microtubule asters can be assembled by 

end-specific attachment of microtubules to microspheres (left), or by polymerization of 
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microtubules from the surface of microspheres (right). Adapted with permission from84, 88. 

Copyright 2008, 2013 American Chemical Society.
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Figure 6. 
Self-assembly and self-organization in kinesin-microtubule systems. (a) Biotinylated 

microtubules partially covered with streptavidin assemble into wires and spools as they are 

transported by surface-adhered kinesins. Adapted with permission from81. Copyright 2005 

American Chemical Society. (b) Different microtubule networks form depending on the 

concentration of motile cross-linkers (here the kinesin Eg5). Adapted from118. (c) Kinesin 

cross-linkers and depletion forces lead to the self-organization of microtubules into beating 

cilia. Scale bar: 5 μm. From77. Reprinted with permission from AAAS.
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Figure 7. 
The microtubule network in dividing cells in a mechanochemical network that has chemical 

and force-dependent feedback loops. (a) A dividing cell in metaphase can be tested by 

recapitulating various parts in vitro using force measurements.138 (b) Optical trapping 

combined with nanolithography was used to recapitulate centrosome centering within 

dynein-lined microchambers. (c) Optical trapping was used to show that kinethochores use 

tension-sensitive slip-bonds to hold onto depolymerizing microtubules during anaphase.139 

(d) Magnetic tweezers were used in live cells to measure the restoring force controlling 

midplane centering.140
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Figure 8. 
Molecular robots based on the kinesin-microtubule system. (a) Molecular shuttles as 

conceived by Vogel and Howard utilize kinesins adhered in tracks and controllably activated 

with defined concentrations of ATP to propel cargo-carrying microtubules. Adapted with 

permission from177. Copyright 2003 Americal Chemical Society. (b) In “artificial 

melanophores”, kinesin-driven aggregation of fluorescent material along microtubule asters 

creates a switchable pixel. From87. (c) Microtubules traversing a network of channels can be 

used for energy-efficient biocomputation. From160. (d) DNA connections introduce 

programmability into the self-organization process. From164. Reprinted by permission from 

Macmillan Publishers Ltd: Nature Nanotechnol. 9, 44-47, copyright 2014.
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Figure 9. 
Empirical relationships discovered for motors raise questions for molecular motor and robot 

development. (a) Relation between maximum force of motors as function of their mass as 

discovered by Marden and Allen. Adapted with permission from201. Copyright 2002, 

National Academy of Science USA. The inset extrapolates the trend to the molecular scale. 

The rotaxane employed for artificial muscles is significantly stronger than what would be 

expected from this universal scaling law, which potentially accounts for its small lifetime.202 

(b) Motors appear to replicate the inverse relationship between species size and abundance 

observed in ecosystems, and technological development drives the emergence of small and 

ubiquitous motors. However, motor efficiency has to be maintained as it is across species in 

biology. Adapted from127. Copyright 2014 American Chemical Society.
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