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1. Introduction

Microtubules (MTs) are biopolymers of the tubulin protein 
responsible for essential biological functions of almost all 
eukaryotic cells. Their intrinsic stiffness and non-equilibrium 
dynamics have captured the attention of physicists for the past 
30 years. Recent advances in experimental and theor etical 
approaches have enabled direct visualization and probing of 
MT dynamics, mechanics, and the activities of associated pro-
teins and enzymes. In this review, due to the vastness of the 
field, we discuss selected revelations regarding this captivat-
ing biomaterial. We start by presenting the physical principles 
behind the polymerization and depolymerization of MTs from 
the perspective of experiments using high-resolution micros-
copy and of theoretical work focusing on the dynamics of 

molecular-level mechanic models of MTs. MTs are capable of 
undergoing sudden transitions between phases of slow growth 
and rapid shortening called catastrophes, but the underly-
ing mechanisms remain elusive. Thus, the development and 
successful application of theoretical models is necessary to 
advance the field. However, it has not yet been possible to 
recover the tubulin kinetics and to reproduce the structural 
and biomechanical properties of tubulin polymers using a 
single model with one force field and one set of parameters. 
Thus, our understanding of the microscopic molecular events 
underlying the dynamics of MT growth and shortening is 
incomplete.

Next we review the role played by the physical interactions 
between MTs and the large class of associated enzymes that can 
control MT dynamics by inducing either the depolymerization 
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or the breaking of MTs. For instance, there are several fami-
lies of kinesin motor proteins that modulate the shrinkage 
dynamics of MTs. Another class of enzymes that regulate 
the MT structure and dynamics are the microtubule severing 
enzymes. We will present a summary of experimental work 
on the regulation of severing activity by a number of cellular 
biochemical and biophysical effectors and of recent develop-
ments in the large-scale modeling of the mechanism of action 
of these enzymes.

Finally, understanding of the functional roles played by 
MTs in cells require quantitative knowledge of their dynamic 
mechanical properties. Important microscopic properties 
include the thermodynamic characteristics of protein-pro-
tein interactions occurring at the interfaces between tubulin 
monomers, and the bending rigidity of individual MT proto-
filaments. For example, during the chromosomes poleward 
movement, the network of disassembling MTs can work as 
a far-from-equilibrium active matter system converting the 
energy of chemical reactions into mechanical work to segre-
gate sister chromosomes apart. Exploration of these proper-
ties with biochemical assays has been prohibitive owing to the 
multitude and complexity of tubulin assembly and disassem-
bly pathways. In this regard, single-molecule dynamic force 
experiments present a suitable methodology enabling one to 
directly access tubulin polymer chains. Mechanical testing 
in vitro with ultrasensitive force detection has been used to 
deform tubulin polymers or to rupture the lateral and longi-
tudinal tubulin non-covalent bonds, but the interpretation of 
the force-deformation spectra is difficult. This necessitates the 
development of computational approaches to nanomanipu-
lations with the MT polymers in silico, which can be used 
to clarify and interpret the experimental results. A review of 
advances in experimental and computational analysis of MT 
pushing and pulling will be the focus of this section. We con-
clude with a view into the future of MT dynamics.

2. Principles of microtubule assembly  
and disassembly

Biological systems are masterful at coordinating small motions 
into large scale movement that can perform work. Although 
there are clearly examples of thermally-driven ratchets that 
couple and coordinate in this manner, most biological sys-
tems have evolved energy-harnessing components that couple 
together. The MT system is a prime example of the coupling 
and coordination of energy-utilizing enzymes to cause large-
scale motion and to perform work. The key to the ability of 
MTs to do productive work is the intrinsic asymmetry of the 
system. From the dimer up to the filament, the entire system 
is designed to drive polymerization and ultimately activity in 
a single direction.

Even at the smallest building-block level, the MT system 
is asymmetric. Each tubulin dimer is made from an α tubulin 
monomer binding to a β tubulin monomer. Since each is prac-
tically spherical, the dimerization breaks the physical symme-
try of the monomers. The tubulin dimers always bind in the 
same orientation with the α end of the dimer binding onto 
the exposed β of the next dimer. This orientation of binding 

is specified by both the electrostatic and steric constraints of 
the ends of the tubulin dimers. The asymmetric nature of the 
dimer subunits coupled to the alignment of the dimers within 
the lattice result in a hollow cylindrical filament [1] that is 
oriented such that symmetry is broken from the start (figure 
1(A)).

The polymerization of tubulin dimers into MT filaments is 
entropically driven at 37 °C (body temperature). Despite the 
fact that the filament appears to have lower degrees of free-
dom than individual dimers, the entire system has increased 
entropy due to the increased accessible states of the water mol-
ecules. When tubulin dimers are in solution, the hydrophobic 
patches that mediate dimer-dimer interactions are exposed. 
Water molecules have reduced degrees of freedom around 
hydrophobic patches, but are released when dimers bind to 
each other. Empirically, we know that polymerization is a self-
assembly process, since MTs can polymerize in the presence 
of a non-hydrolyzable analog of GTP, GMPCPP. Thus, we 
know that the hydrolysis of GTP does not cause polymeriza-
tion. Instead, the use of energy and hydrolysis drives destabi-
lization and depolymerization of the MT filament.

Like most biological enzymes, tubulin derives its energy 
source from a nucleotide triphosphate. In this case, tubulin 
uses GTP and its subsequent hydrolysis into GDP and inor-
ganic phosphate (Pi) for activity. The β-tubulin has a GTP-
binding pocket near the end where it can bind and hydrolyze 
and release the products (figure 1) [2]. Thus, the energy-utiliz-
ing components are also asymmetrically stationed within the 
asymmetric tubulin dimer subunit, which is aligned within the 
entire filament. The binding and hydrolysis of GTP and the 
release of products conspire together to cause a series of con-
formational changes within the dimer. Like a Rube-Goldberg 
machine, the downstream effects of these small changes in the 
structure of the tubulin dimer cause large scale changes to the 
surface interactions with neighboring dimers in the filament or 
associated proteins binding to the surface. The largest overall 
effect of GTP hydrolysis is the compaction of the dimer. This 
compaction is the equivalent to bending back the dimer into 
a crooked state, compared to the straight state with GTP. This 
straight to crooked transition drives the process of destabiliza-
tion and ultimately depolymerization of the filament. Its con-
sequences on the function of MTs during cellular processes 
will be discussed in section 5.

The α tubulin side of the dimer is also an essential part 
of the tubulin machine. Its function is to catalyze the GTP 
hydrolysis of the β tubulin subunit to which it binds. Although 
tubulin dimers can hydrolyze GTP spontaneously, that pro-
cess is immeasurably slow (personal communication with 
Les Wilson) compared to the catalyzed hydrolysis that occurs 
when the tubulin binds within the MT lattice (0.25 μM s−1) 
[3]. Even with the α tubulin present as a catalyst, the hydroly-
sis rate is still slightly delayed. This delay results in a ‘GTP-
cap’ at the end of the MT tube (figure 1(A)) [4]. The GTP-cap 
is a force for stability, since GTP-tubulin is in the straight con-
formation and has comparatively tighter binding to its neigh-
bors [5].

The rate of GTP-hydrolysis at the end of the filament is the 
subject of much recent interest since it controls the dynamics 
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and appears to happen in stages. The stages include hydroly-
sis of GTP into GDP and Pi without product release and then 
release of Pi. GDP is not released until the tubulin escapes 
the confines of the filament at which point the dimer can let 
go of GDP and catch a new GTP molecule (figure 2). Recent 
structural and biophysical evidence suggests that each stage 
has a distinctive structure that not only affects the dimer-dimer 
stability, but can also affect the binding of associated proteins 
to the lattice. For instance, GDP tubulin, which makes up most 
of the body of the MT, binds well to most microtubule associ-
ated proteins (MAPs) that were identified in early experiments 
using MTs to fish out accessory proteins. These include kine-
sin, dynein, tau, MAP2, and others [6–9].

There was much excitement several years ago when it was 
discovered that there are classes of proteins that preferentially 
bind to the growing ends of MTs. These ‘plus-tip’ proteins 
included the end-binding proteins (EB), CLASPs, TOG pro-
teins (XMAP215), and others [10–13]. Careful multi-color 
imaging in reconstitution experiments have recently demon-
strated that not all plus-tip proteins are equal [14–24]. Some, 
such as the EB proteins, prefer to bind to the GDP-Pi tubu-
lin just behind the very end of the growing filament [14–17]. 
Other proteins, such as TOG proteins, bind at the very tip of 
the filament, preferentially to GTP tubulin [19–21]. These 
results reveal the underlying tubulin structures as well as 

demonstrate that different types of MAPs bind to different 
types of tubulin conformations.

As we described above, MT polymerization is entropically 
driven, and occurs spontaneously without the use of energy. 
The GTP hydrolysis and product release causes a conforma-
tional change that causes a bending back of each dimer within 
the lattice. The end of the filament is held together by a GTP-
cap of tightly binding, straight-conformation dimers, which 
restrict the lattice dimers to stay in the straight conformation 
within the lattice against their will. The majority of the MT 
lattice is effectively spring loaded and ready to self-destruct 
when the end constraints are released. The overall effect of the 
two-state, spring-loaded polymer is to have long-lived activi-
ties of growing and shrinking. This activity, first noted in the 
1980s was termed ‘dynamic instability’ [25].

From bulk observations, MT polymerization appears to fol-
low the same trend as covalent polymerization with a nuclea-
tion lag phase, a bulk growth phase, and a final equilibrium 
phase (figure 2(A)). Unlike typical, covalent, molecular poly-
mers, MTs are non-covalent polymers. Although the bulk char-
acteristics are similar, the equilibrium phase of MTs is actually 
a dynamic steady state with the total amount of polymer con-
stant. Despite the total polymer being a constant, each MT is 
actually able to perform dynamic instability: any one filament 
could be polymerizing or depolymerizing (figure 2(B)).

plus endminus end

B-lattice

GTP (GMPCPP)
straight, extended

GDP-Pi (GTPγS)
straight, compacted

GDP 
twisted, compacted

(spring loaded)

seam
A-lattice

A.

B.

Microtubule Structure

Tubulin States

Figure 1. Cartoon of MT and dimer subunits. (A) The MT is a hollow tube of α-β tubulin dimers bound together in a head-to-tail manner. 
In cells, there are typically 13 protofilaments around, and given the pitch of the chirality of the dimers within the B-lattice structure, this 
creates a seam, which is an A-lattice type. The body of the filament has a high probability of having hydrolyzed GTP into GDP (dark blue 
outline). The end caps are more likely to have GTP present (red outline). Between, there is likely a region where the GTP has hydrolyzed, 
but not released the inorganic phosphate (magenta outline). (B). We take a closer look at the possible changes in the dimer upon GTP 
hydrolysis and product release. α-tubulin is in orange and β-tubulin is in cyan. This convention will be used in all subsequent figures. As 
described in the text, there is compactification and twist of the dimer upon hydrolysis and product release that results in the GDP-state  
(dark blue outline) having a more bent form. The hydrolysis without product release (magenta outline) has a straighter conformation.  
The GTP state (red outline) is the equivalent of a straight conformation.
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The switch from growing to shrinking, called a catastrophe 
was originally proposed to be stochastic with a constant prob-
ability at any time [8, 26–28]. Recent work has shown that it 
is clearly biased toward longer filaments, since MTs tend to 
grow to be relatively long before they experience a catastro-
phe. There appears to be a ‘three strikes’ rule such that MTs 
appear to age and acquire some sort of changes with age that 
trigger a catastrophe [29]. A recent article goes over recent 
advances and thoughts about the ability of MTs to intrinsi-
cally age, so we will not explore it further [30].

Thanks to their asymmetry and elongated structure, polym-
erizing and depolymerizing MTs can perform large-scale and 

directed work. Cells use, harness, and direct this process to 
perform large-scale work and make cellular machinery. The 
most obvious and striking cellular machine made from MTs 
is the mitotic spindle. In the spindle, MTs are focused at one 
end, aligned into bundles, and used to push and pull con-
densed chromosomes [31–34]. The first task is to align the 
chromosomes into the center of the cell so that they can be 
organized and counted. MTs are an essential part of the spin-
dle checkpoint, which ensures proper alignment of the chro-
mosomes prior to separation into two daughter cells. The force 
measuring and generating components of the mitotic spindle 
are organized and directed via the MT bundles that connect 
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Figure 2. MT polymerization and dynamic instability. (A). The kinetics of MT polymerization with the 3 main stages indicated as a 
function of polymer mass versus time. (B). Cartoon representation of the stages in MT polymerization dynamics. Notice that stage iii is 
characterized by a variety of filamentous structures, including the ‘ram’s horns’ (second from the top) conformation discussed in the text. 
(C). Kymograph of a MT undergoing dynamic instability. Yellow arrows indicate occurrence of a catastrophe, while the orange arrow 
signals a rescue event.
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to kinetochores in the chromosomes. When the checkpoint 
is satisfied, MTs become tension ropes used to drag apart 
the chromosomes. MTs are the force generators, but alone, 
they are merely tools to create forces, like a jack or a winch. 
Further details will be discussed in section 5. The MAPs that 
bind to, control, and crosslink MTs use these force-generat-
ing machines to create autonomous cellular systems that can 
sense, decide, and respond with force-generation.

3. Physical interactions between microtubules  
and depolymerizing kinesin motors

In recent years, several excellent reviews covered biological 
and experimental findings and the major theoretical tech-
niques developed to investigate the mechanisms of kinesin 
motors such as the conventional kinesin, kinesin-1 [35–38]. In 
particular, the theoretical investigations probed the details of 
the conversion of chemical energy into productive work [38]. 
Besides the 14 families of kinesins, another important class 
of motors that acts on MTs is represented by dyneins. Similar 
to kinesin motors, dyneins use energy from ATP hydrolysis 
for cargo transport along MTs. However, unlike typical kine-
sin motors, dyneins can also exert forces to pull MTs towards 
the leading edge of migrating neurons and fibroblasts, or to 
haul astral MTs during cell division towards one end of the 
cell [39]. The fascinating story of these motors, whose mech-
anisms of action on MTs are under active investigation, has 
been addressed in a number of recent papers and reviews 
[39–48]. Here, instead, our focus is on motors that directly 
induce the depolymerization of an MT lattice. Thus, we pres-
ent the interactions and action of destabilizing (depolymer-
izing) kinesins on MTs. To understand the activity of a motor, 
one needs to know the structural or regulatory elements that 
allow it to accomplish its mechanochemical cycle of conver-
sion of ATP hydrolysis energy into work, its directionality 
and processivity on MTs, and its cellular function(s) [49]. In 
what follows, we will cover these aspects for kinesin-13s and 
kinesin-8s, the major MT destabilizing kinesins.

3.1. Kinesin-13

3.1.1. Structure of kinesin-13 motors. A kinesin motor is 
defined by the presence of a motor domain and the ability 
to undergo nucleotide-dependent MT binding [50]. Equally 
important is the use of ATP binding and hydrolysis to power 
the walking of the motor along MTs. While kinesin-13 exhib-
its the first two properties [51–53], instead of walking it 
undergoes one-dimensional (1D) diffusion and it uses ATP 
binding and hydrolysis to remove subunits from both ends of 
the MT lattice [54]. Kinesin-13 is composed of four domains, 
in order from its N- to its C-terminal end: a subcellular target-
ing domain, a neck domain, a motor (or catalytic) domain, 
and a dimerization domain. This domain organization differs 
substantially from other kinesins in that the motor domain is 
found in the middle of the sequence, instead of at either termi-
nal end of the protein. Importantly, this unique sequence pat-
tern enables kinesin-13s to depolymerize MTs from both ends 

with equally fast rates. Experimental studies showed that the 
motor domain alone is sufficient to carry out the MT-depoly-
merase activity of the kinesin-13 [55] but that the neck domain, 
a highly conserved stretch of  ∼60 amino acids, and the N- 
and C-terminal domains are all involved in the regulation of 
depolymerase activity [56–59]. Very recent experiments [60], 
based on ensemble and single-molecule fluorescence polar-
ization microscopy, showed that kinesin-13 from Drosophila 
melanogaster (KLP10A) has two coexisting modes of interac-
tion with the MT: one in which the motor domain binds with 
a specific orientation to the MT lattice and the second where 
the motor domain is mobile and able to undergo 1D diffu-
sion. They also concluded that the neck domain and loop 2 
are responsible for the orientation of the motor versus the MT 
and that during the 1D diffusion the motor domain undergoes 
rapid changes in orientation, likely due to its high mobility in 
this orientation. Moreover, as expected based on functional 
aspects, the motor domain alone was capable of undergoing 
the 1D diffusion, which enables it to carry out the depoly-
merization at the MT ends. The importance of the 1D diffu-
sion versus the standard 3D diffusion in solution was revealed 
by single-molecule studies [61]: the 1D diffusion on the MT 
lattice enhances one hundred fold kinesin-13’s arrival at the 
MT end relative to diffusing in 3D. Both the MT-binding and 
the dynamics of kinesin-13 is thought to rely on electrostatic 
interactions. For example, electrostatics likely promotes diffu-
sion because high salt concentrations decrease the lifetime of 
kinesin-13s on the MT, and removing the negatively charged 
carboxy-terminus of tubulin abrogates lattice association and 
diffusion [61]. Secondly, the positively charged neck adjacent 
to the motor domain promotes fast association to the MT [62]. 
Finally, the neck is phosphorylated by Aurora B kinase result-
ing in the inhibition of MT depolymerization likely because 
phosphorylation affects the electrostatic interactions between 
the neck and the MT. As Aurora B kinase is active during 
mitosis, it has been proposed that this reversible regulation 
of depolymerizing kinesins is a mechanism to ensure genetic 
integrity [49].

3.1.2. Kinesin-13 MT depolymerization mechanism. Disas-
sembly of MTs does not follow the usual pattern of removal 
of single subunits from the lattice. Instead, disassembly prod-
ucts include transient polymer intermediates, distinct from 
the MTs, consisting of multi-subunit fragments that curl into 
helical structures (see figure 2(B). state iii) [8]. Experiments 
revealed that kinesin-13 accomplishes its MT depolymeriza-
tion by separating protofilaments from their lateral neighbors 
in the lattice and peeling them away from the central axis 
of the MT (see figure  3(A) right panel) [54, 61–63]. These 
intermediate structures, consisting of curls of protofilaments 
(‘ram’s horns’), can either remain attached to the main MT 
body, at least until they reach a critical size or outward bend-
ing curvature corresponding to  ∼16–20 subunits [64], or they 
can detach as rings of subunits with the kinesin-13 motors 
bound on the interior surface of the ring [54, 55, 65, 66]. Two 
major mechanisms have been proposed for the MT depoly-
merase activity of kinesin-13: (i) a purely chemical action 
(enhancing the GTPase cycle of MT subunits) [67, 68], or (ii) 
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mechanical actions such as pushing apart neighboring proto-
filaments or bending and stabilization of the resulting structure 
of a proto filament. Because MTs polymerized in the presence 
of the nonhydrolyzable GTP analog GMPCPP can be just as 
easily depolymerized by kinesin-13 as MTs produced in the 
presence of the standard GTP, the chemical scenario has been 
refuted [54]. This left the mechanical action model as the only 
plausible depolymerization scenario. Because kinesin-13’s 
action is independent of the strength and identity of lateral 
interactions between neighboring protofilaments in the MT 
lattice [63], the current view is that kinesin-13 depolymerizes 
MTs by inducing or stabilizing curved structures of single 
protofilaments [8] near the ends of the lattice. This induces 
the release of one or more tubulin dimers from the MT end 
[56, 61, 63, 69, 70]. The bending of single protofilaments is 
believed to result from the orientation of specific 3D structural 
elements of this kinesin motor on MTs that take advantage 
of the above discussed orientation of the subunits themselves. 
The most important element is the lysine-valine-aspartate 
(KVD) motif, located in the loop 2, which forms a protru-
sion resembling a finger pointing toward the MT wall (see 
figure 4(A) the red region). Docking the motor domain onto 
a straight protofilament leads only to steric clashes, irrespec-
tive if the motor is set in contact with the MT through either 
its anterior or posterior binding surfaces, including the KVD 
finger, as illustrated in figure 4(B) [56].

Docking of the motor domain onto a curved protofilament 
instead shows both MT-binding areas in contact with the 
protofilament (figure 4(C)), allowing for stronger binding [56, 
65, 71]. These results corroborate the findings that kinesin-13 
stabilizes both the bent intradimer state of the end tubulin 
dimer (PDB code 1FFX) [72] and the bent longitudinal inter-
dimer state (PDB code 3EDL) [55, 65], while preventing the 

formation of lateral contacts between dimers in adjacent MT 
protofilaments due to the presence of its long and rigid neck 
helix which was seen bound between protofilaments [56, 69].

Moreover, a kinesin-13 bound to the plus end of MTs was 
found to induce a novel tubulin dimer configuration corre-
sponding to curved and sheared monomers, termed the CS 
tubulin (PDB code 3J2U) [71]. This new tubulin state likely 
results from a crossbow-type bending mechanism according 
to which the motor bends the dimer by pulling the two mono-
mers relative to pushing the intradimer interface. ATP binding 
has been shown to be critical for the induction of protofila-
ment curls or binding to curved surfaces [55] and in turn the 

Figure 3. Cartoon of (A). the motility and MT depolymerization mechanism of kinesin-13 and (B). the motility and MT depolymerization 
mechanisms of kinesin-8. Kinesin-13 are in blue and Kinesin-8s are in green. In (A). left panel a kinesin-13 motor diffuses along a 13 
protofilaments MT lattice, while the right panel shows two kinesin-13 motors bound to a curved protofilament. In (B). left panel 4 kinesin-8 
motors move towards the plus end of 13 protofilaments MT lattice, leading to their accumulation at the plus end. The right panel shows 
the two proposed mechanisms of MT destabilization by kinesin-8 motors: suppression, which is equivalent to blocking the binding of an 
incoming tubulin subunit to a straight protofilament and depolymerization, which corresponds to the removal of the end subunit from the 
plus end of a straight protofilament.

Figure 4. (A). Atomistic structure for the motor domain in 
kinesin-13 with the KVD finger highlighted in red (from the PDB 
entry 3LRE). (B). Orientation of the motor domain on a straight MT 
protofilament. (C). Orientation of the motor domain on a curved 
MT protofilament. Notice the very good fit here compared to (B). 
See text for details.
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ATPase activity is enhanced in the presence of curved protofil-
aments [73]. Beyond ATP hydrolysis and the use of structural 
changes to induce depolymerization, kinesin-13s are believed 
to use cooperativity and processivity in their action, but there 
is no general consensus on these factors [50]. The support for 
cooperativity stems from the estimates for the Hill coefficients 
for MT depolymerization rates that range from 1 to 2 [62], 
but to date the evidence for cooperativity is mixed. Processive 
depolymerization is supported by the comparison of the kine-
sin-13 off-rates with the rate of tubulin release from the ends 
of depolymerizing, stabilized MTs that yields estimates rang-
ing from 4 to 20 tubulin dimers removed by each kinesin-13 
during a single end-residence event [61, 62].

3.2. Kinesin-8

3.2.1. Structure of kinesin-8 motors. Kinesin-8 is a highly 
processive kinesin with a typical domain organization: an 
N-terminal motor domain, a class-specific neck, a central 
coiled-coil stalk, and a C-terminal tail domain. The motion 
of kinesin-8 depends on the ATP hydrolysis cycle and it is 
1D and uni-directional towards the plus end of an MT fila-
ment [74]. The high processivity of kinesin-8s (an average run 
length of up to 12 μm) is due to a weakly bound slip state and 
the presence of a second MT-binding site in the C-terminal 
tail, which works in concert with the motor domain to keep 
the motor attached to the MT track [75–77]. Single-molecule 
studies showed that kinesin-8 motors use a biased Brownian 
motion mechanism to target the plus end of a MT lattice [78]. 
In turn, the high processivity induces accumulation of kine-
sin-8 motors such that their density at the plus end of a fila-
ment scales directly proportional to the length of the MT (see 
figure 3(B), left panel) [79]. The KVD finger important for 
the action of the kinesin-13 is lacking in kinesin-8. However, 
loop 2 is still important for the destabilization action due to 
its ability to undergo structural changes: it is disordered in 
the crystal structure of the kinesin-8 motor domain alone, but 
appears more ordered and makes contacts with α-tubulin in 
the cryo-EM structure of the kinesin-8 motor domain docked 
onto the MT [80].

Schaeffer and collaborators [81] used high-resolution 
optical trapping experiments to follow the path of kinesin-8 
motors on MTs and found that these kinesins switch protofila-
ments, rather than walking on a straight line along a single 
protofilament like kinesin-1s. Their findings are compatible 
with a diffusive sideward stepping motion of kinesin-8 on the 
MT filament, asymmetrically biased by force. The authors 
proposed that the switching mechanism likely enables kine-
sin-8s to bypass obstacles and reach the MT plus end fast in a 
length-dependent manner [81].

3.2.2. Kinesin-8 MT depolymerization mechanism. While 
kinesin-13 has been shown to be a highly efficient MT 
depolymerase, removing fragments from either end of the lat-
tice, kinesin-8 acts only on the plus end of a filament and in 
a length-dependent manner due to its high processivity: the 
motor destabilizes more readily longer rather than shorter 
MTs [74]. There are two modes of action that kinesin-8s use 

to regulate MT-end dynamics: removal of subunits and block-
ing incoming soluble tubulin from binding to the filament (see 
figure 3(B), right panels) [74]. For example, for the S. cere-
visiae kinesin-8, Kip3p, as the motor accumulates at the MT 
end, the off-rate of both Kip3p and MT subunits increases, 
suggesting a model in which incoming Kip3 motors bump off 
the terminal motor, taking one or two tubulin heterodimers 
with them [79, 80]. In this case, catalytic depolymerization is 
achieved simply by the stepping of the motor. However, for 
other kinesin-8 motors there is no conclusive data to establish 
whether they are direct MT depolymerases or whether some 
regulate MT dynamics without removing tubulin subunits, but 
rather by blocking binding of soluble tubulin subunits to the 
MT tip [50]. Moreover, unlike the case of kinesin-13s, it is not 
known whether kinesin-8s deform protofilaments prior to the 
detachment of subunits from the lattice.

The intriguing nature of the MT-destabilizing ability of 
kinesin-8 motors prompted the development of theoretical 
(mathematical) studies to discern plausible actions compat-
ible with experimental observations [82, 83]. These studies 
showed that interactions between individual proteins and the 
MT tip are crucial for MT regulation. The main findings are 
that the dynamics of MTs is dependent on the MT growth 
rate and the binding and unbinding kinetics of motors to and 
from an MT. Secondly, that the growth and shrinkage of MTs 
depend on the probability that a kinesin-8 motor is bound 
to the plus end of an MT. And thirdly that the nature of the 
interactions between a bound kinesin-8 motor and the MT 
tip distinguishes between mechanisms of MT destabilization. 
Namely, the neutral scenario, which corresponds to the bind-
ing of new subunits to the plus end of the MT at the same rate 
irrespective of the presence or absence of a kinesin-8 motor 
at the tip, leads to tight length control because it is compat-
ible only with small growth rates for length regulation and 
kinesin-8s have preference for depolymerization of longer 
MTs. In contrast, the inhibition scenario, which allows growth 
of an MT only if a plus end site is not occupied by a kine-
sin-8 motor, is compatible with high growth rates for length 
regulation and leads to large length fluctuations, recalling MT 
dynamic instability [83].

3.2.3. Role of kinesin-1 in MT depolymerization in vitro.  
Recent studies using gliding assays [84, 85] determined that 
even kinesin-1 is able to take apart MTs. Using an in vitro 
system consisting of MTs gliding across a surface coated with 
kinesin-1s, Hess and co-workers found a molecule-by-mol-
ecule loss of subunits from the plus end of the MT filament.
They also found that the rates of removal of subunits depend 
on both the sliding velocity and kinesin density [84]. More 
intriguingly, other investigators found that kinesin-1s can even 
lead to MT depolymerization resembling the action of kinesin-
13s: MTs can be sheared longitudinally as they are transported 
by kinesins, leading to detachment of fragments consisting 
of curved protofilaments reminiscent of ‘rams horns’ [85]. 
While formation of circular MTs in kinesin-1 gliding assays 
due to vortices at high-density has been known for a while 
[86], this recent study showed that the curved structures are 
not due to bent MTs, but rather bent protofilaments as these 
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fragments continue to be mobile on the surface and display 
very high curvature compared to MTs [85]. In all these stud-
ies, the depolymerizing action has been attributed to mechani-
cal forces exerted cooperatively by kinensin-1s on MTs, given 
that single kinesins were found to exert 5- to 7 pN stall forces 
in vitro [84, 87–90]. This action is also underscored by the 
unique ability of this motor to bind with similar affinity to 
both straight and bent protofilament conformations. Still, it is 
unclear if kinesin-1s have any depoly merizing action in vivo 
as well.

4. Microtubule breakage in cells from interactions 
with severing enzymes

MTs can create forces when they polymerize and depolymer-
ize. That depolymerization activity is particularly obvious in 
the presence of kinesin motors that enhance the mechanical 
peeling back and are used to drag apart chromosomes and 
other objects during depolymerization. Alternatively, the 
cell sometimes needs to cut down MT support structures at 
locations distant from the filament ends. Because it is diffi-
cult to communicate from the location along the length that 
needs to be cut, which can be micrometers away, to the end 
to induce depolymerization, the ability to decide and cut MTs 
locally is needed. The enzymes that have the ability to cut 
MTs anywhere along their length are termed microtubule-
severing enzymes. If depolymerizing kinesins act as unzip-
pering enzymes, MT severing enzymes are the band-saw that 
can make cuts anyplace [91].

MT-severing enzymes are AAA ATPases that use ATP to 
break the MT lattice, resulting in formation of blunt ends [66, 
92, 93]. The main classes of MT-severing enzymes are katanin, 
spastin, and fidgetin [9, 94]. The crystal structure of monomeric 
spastin (PDB code 3B9P) [95] showed that the AAA ATPase 
domain contains a canonical α/β  nucleotide binding domain 
embraced by two helices, and a smaller four-helix bundle 
domain. (This should not be confused with the α and β tubulins, 
which are separate peptides that form the tubulin dimer.) The 
AAA domain is connected via a linker to an N-terminal domain 
that binds MTs with low affinity [96]. The N-terminal domain 
in both spastin and katanin contains a Microtubule Interacting 
and Trafficking domain consisting of a three-helix bundle (PDB 
code 2RPA) [97]. While spastin and katanin are monomeric 
when bound to ADP, they form hexamers only in the presence 
of ATP and, in this state, they bind to MTs with high affinity [9]. 
The ring-shaped structure for spastin shows that the oligomer-
ized hexamer has a central pore, lined by helices important for 
ATPase activity and MT-severing. The six arms directed out-
ward, may be used by the enzyme to dock onto the MT [95]. It 
has been proposed that the acidic carboxy-terminal end of tubu-
lin (CTT) binds to the central pore of severing enzymes [98]. 
For both katanin and spastin, the removal of the CTT through 
enzymatic digestion with subtilisin completely inhibits their 
ability to sever [95, 98].

Of broad, fundamental interest is the energy and mechanics 
of breaking the lattice. As shown above, breaking the lattice 
from the ends is relatively straightforward, since the lattice 

is already primed to fall apart in that direction. This is due 
to the filaments intrinsic orientation of broken symmetry and 
subsequent spring-loading of the conformational changes due 
to GTP-hydrolysis. Thanks to the intrinsic MT structure and 
spring-loading, MT severing enzymes can also effectively 
‘depolymerize’ MTs. This is because, if you cut off the GTP 
cap, you should be able to induce a catastrophe. Indeed, it has 
been reported that katanin can catalyze MT depolymerization 
both in cells and in vitro [99].

The unique ability of filament severing requires the tubu-
lin CTT and appears to be able to occur anywhere along the 
length. The biochemical steps and mechanical constraints on 
such a process are still completely unknown. The first in vitro 
single-molecule study of MT severing revealed that multiple 
katanins bind rapidly to and disassociate quickly from sever-
ing sites before severing occurs [99, 100]. In the presence of 
katanin, breaks or gaps appeared within the lattice of MTs 
where katanin molecules were localized. Further, katanin mol-
ecules remained bound to freshly severed ends. Woehlke and 
collaborators analyzed the MT binding properties of spastin 
at the single molecule level using microscopic fluorescence 
assays [101]. They proposed the following mechanism: spastin 
monomers bind to MTs via electrostatic interactions, followed 
by diffusion along the length of the filament. Dimerization is 
the critical step, followed by the fast the assembly of hexam-
ers. The hexameric ring is able to exert a mechanical force 
on the MT lattice based on the action of the AAA domain 
[101]. Similarly, we demonstrated that human katanin exhibits 
a fast binding followed by a lag time prior to the first loss of 
MT polymer [100]. Both the association time and lag time 
depend directly on the katanin concentration implying that 
they are association processes [100]. Binding is the associa-
tion of katanin to the filament and the lag time involves kata-
nin self-associating to hexamerize. Taken together, it appears 
that spastin and katanin are similar in their ability to bind MTs 
independent of hexamerization, but that some following activ-
ity or steps, perhaps hexamerization, diffusion to ‘good sites’ 
or something else, is required for severing to proceed.

The idea that katanin has preferential severing sites is not 
unusual. Specifically, several groups have made measure-
ments indicating that defects in the MT lattice may be impor-
tant to initiate severing. The first indication of this comes 
from Davis and coworkers [102]. They performed a combined 
experimental and modeling study [102], which showed that 
only a model of MTs with lattice defects is compatible with 
the in vitro severing behavior of katanin seen using in vitro 
microscopy experiments. They concluded that katanin likely 
exploits local defects and promotes loss of tubulin dimers at 
the defect site until the two MT fragments that will eventually 
sever from each other are held together so weakly that the MT 
is able to kink at the defect site up to 90° angles [102].

We performed in vitro experiments on MTs with engi-
neered lattice defects at the juncture where the MT transitions 
between one number of protofilaments to another number 
of PFs [99]. These MTs were created by seeded growth of 
GTP tubulin off of GMPCPP seeds or by end-to-end anneal-
ing of MTs with different lattice numbers [99, 103, 104]. 
Such protofilament-shift defects were targeted by katanin for 

J. Phys.: Condens. Matter 29 (2017) 433003



Topical Review

9

both binding and severing, as expected. Naturally occurring 
MT defects are likely protofilament shifts (dislocations) that 
spontaneously incorporate during nucleation and growth pro-
cesses. Previous studies have shown that MT defects result in 
mechanically softer filaments [105, 106]. Further, a change in 
the PF number was one of the proposed sources of aging in 
MTs [30], MT severing may preferentially target and destroy 
older MTs.

Recent exciting work from several groups has shown 
that MTs defects can have downstream effects in cells. 
For instance, the Xu lab has shown that defects inhibit the 
transport of kinesin-1 cargos with single or multiple motors 
[103, 107]. Interestingly, single motors dissociate, but mul-
tiple motors pause at defects [103, 107]. Further, the group 
of Thery and Blanchoin have shown that MT damage in 
cells results in self-healing and that the healed locations are 
chemically and mechanically more stable than the rest of the 
filament [105, 108]. This is because GTP tubulin binds in 
the defect site, enhancing interactions between dimers and 
mechanically stabilizing the filament locally. This work 
highlights the fact that MT lattices, like other crystals are 

susceptible to spontaneous defects during growth and post-
crystallization defects due to damage. If the hole left due to 
damage is large enough, several dimers could be lost from 
the lattice. The availability of free subunits results in fila-
ment healing. The healed filament is structurally stiffer and 
chemically more stable, resulting in a location of rescues. 
Such local alterations of mechanical and chemical state can 
have benefits to many cellular processes.

The mechanisms of MT severing are still unknown. 
Currently, there are two complimentary proposed mech anisms 
in the literature, based on the activities observed for severing 
enzymes and using data from other AAA  +  enzymes (figure 5).  
In both mechanisms, the CTT is required for severing, but 
used in different ways. In the ‘unfoldase’ assay, which is 
based on the proposed mechanisms for ClpX and other 
AAA  +  enzymes used to unfold protein peptides, the CTT is 
threaded through the pore of the hexamer, and the ATPase is 
used to translocate along the polypeptide of the tubulin. The 
direction of translocation is toward the body of the filament, 
which is blocked by steric hindrance with the MT filament. In 
order for the enzyme to proceed along the polypeptide, it must 

A. Severing Enzyme Binding
Associate

Diffuse/Hexamerize

B. Possible Severing Mechanisms
i. Unfoldase ii. Wedge iii. Both (Death Spiral)

C. Severed Microtubule

Figure 5. Cartoon showing (A). severing enzymes binding and association on MTs, (B). proposed mechanisms of MT severing, (C). MT 
structures following severing.
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unravel the dimer. High-resolution single molecule imaging 
and optical trapping experiments elucidated this mechanism 
for ClpXP hexameters in vitro [109].

The alternative ‘wedge’ mechanism uses the CTT as an 
anchor in order to dig into the filament between neighboring 
dimers. The ATPase activity acts to wedge the dimer from the 
lattice acting at the interdimer connections. Although these 
two mechanisms have been proposed, they are not mutually 
exclusive, and parts of each could occur together. Further, 
other more baroque and elaborate mechanisms could also 
exist, such as a ‘death spiral’ that could simultaneously pluck 
out the individual dimer from the filament and wedge into the 
interdimer spaces (figure 5).

Woehlke and coworkers have presented biochemical 
and biophysical evidence that katanin and spastin had a 
lower, non-zero affinity for binding to subtilisin-treated fila-
ments [101]. Interestingly, close inspection of their images 
revealed that the ends of the subtilisin-treated filaments often 
showed a high density of katanin binding [101], opening a 
possible avenue for end-depolymerization activity by sever-
ing enzymes. Their results corroborate the view that spastin 
and katanin require an interaction of the tubulin-CTT with 
their pore loops located inside the hexameric ring to gener-
ate mechanical force to partially unfold tubulin or locally 
destabilize dimer-dimer interactions within the MT filament, 
leading to a breakdown of the MT [9]. However, there is no 
agreement on crucial issues such as the orientation of the 
hexameric rings on MTs, the degree of cooperativity between 
subunits or between rings, the magnitude and direction of the 
forces required to break the MT lattice, and the molecular 
steps leading to severing [110]. Further details are provided 
in one of our recent reviews [91].

Despite the biochemical evidence, there are no direct 
mechanical measurements of MTs or severing enzymes dur-
ing the process of severing. Such mechanical measurements 
would need to use force monitoring in some way. Directly 
pulling on a tubulin CTT within a MT using an optical or 
magnetic trap would be the most direct way to probe the 
effect of pulling forces on the MT filament. Yet, no study has 
reported such a measurement. Direct pushing on MT lattices 
has been performed. Optimistically, local pushing on the lat-
tice can lead to the loss of individual dimers, as demonstrated 
by atomic force microscopy (AFM) pushing experiments 
[111–114].

Since we lack direct experimental measurements, we have 
focused our work on in silico measurements of the dynam-
ics of lattice break down under forces. This allows us to 
direct forces to push and pull in specific locations on the 
lattice. Further, we can directly alter the MT filament size, 
shape, structure, and intramolecular forces. Our recent study 
examined the role of defects in the mechanics of the MT lat-
tice when pushed with a localized force [115]. Our results 
describe detailed pathways for filament destruction and pro-
vided support for the conclusion that severing enzymes tar-
get defects in the form of missing subunits in the filament 
to carry out their MT cutting action. Moreover, it supports 
an inward-forcing ‘wedge model’ for the action of severing 
motors.

5. Microtubules pushing and pulling in cellular 
processes

5.1. Experimental approaches and theoretical methods

MTs are rigid structures with a persistence length of a few 
millimeters or longer [116]. In eukaryotic cells, MTs serve 
as important structural and organizing elements, and their 
mechanical properties help define the internal cell architec-
ture and polarity. MTs long linear tracks assist neuronal trans-
port via processing molecular motors [117]. The dynamic 
properties of MTs, going through cycles of polymerization 
and depoly merization, also play prominent roles in a range 
of cellular processes [118, 119], most importantly, as dis-
cussed above, in cell division, where they form a mitotic 
spindle [120]. During mitosis, the depolymerizing MTs serve 
as a biological motor creating poleward chromosome motion 
[121, 122]. Hence, experimental and theoretical exploration 
of mechanical and dynamic properties of MTs is necessary to 
understand the mechanism(s) of their functions.

Single-molecule techniques, which employ AFM and laser 
and optical tweezers, make it possible to manipulate single 
biological particles one at a time [123, 124]. These tech-
niques allow to probe a force response of small sample vol-
umes that can be followed as a function of reaction coordinate 
(e.g. displacement, unraveling, dissociation, indentation). For 
example, laser tweezers based experiments possess the dis-
placement sensitivity of 1 nm or less, load sensitivity of 1 pN 
or less, and the maximum force of few hundreds of pico-New-
tons. The AFM also has similar characteristics in addition to 
the nanometer-scale imaging and resolution sensitivity [123, 
124]. These advantages have made single-molecule experi-
ments into the main practical methods of characterization of 
nanoscale-to-microscale biological particles [125], includ-
ing mechanical testing of MT polymers [111]. However, the 
molecular level interpretation of single-molecule experiments 
is difficult because a high-resolution dynamic view of the sys-
tems under study is not provided by the instrumental output. 
In addition, the multi-protofilament structure of MT polymers 
makes it difficult to link the molecular tubulin properties and 
the MT dynamics. As a result, understanding the complete 
dynamic pathways of the structural alterations in an MT and 
the accurate assignment of the corresponding energy changes 
are not possible. Given these limitations, the use of high-reso-
lution computer-based theoretical modeling becomes impera-
tive. Molecular dynamics (MD) simulations have a potential 
to unravel the long-frequency modes associated with continu-
ous transitions in MT (e.g. protofilament bending, MT defor-
mations) and the short-frequency modes defining discrete 
transitions in an MT lattice (e.g. dissociation of lateral and 
longitudinal tubulin–tubulin bonds). However, the computer-
based exploration has to be carried out on long millisecond-to 
second timescales, which requires using modeling on multiple 
spatial scales.

Multiscale modeling approaches uniquely combine the all-
atom MD simulations of atomic structural models of an MT 
fragment of appropriate size available from the PDB and the 
Langevin dynamics simulations of their native-topology based 
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coarse-grained reconstructions [126]. In a sense, atomic level 
details of the α- and β-tubulins and of the larger αβ-tubu-
lin complexes they form are ported into the coarse-grained 
model, which is then used to explore the long timescale 
dynamics of MT [127]. The rationale behind this approach is 
that, rather than atomic details, the unique features associated 
with the MT geometry and native topology and symmetry of 
the αβ-tubulins arrangement are what govern the mechani-
cal characteristics of MTs and their physico-chemical proper-
ties. This approach enables one to describe the MT dynamics 
on multiple spatial scales spanning several decades of bio-
logical time. When multiscale modeling is implemented on 
Graphics Processing Units (GPUs), the long millisecond-to-
second timescales become, in fact, accessible in simulations 
owing to GPU-based computational acceleration [128, 129]. 
Experiments in silico are capable of providing a complete and 
high resolution simulation view, e.g. of the entire process of 
MT growth and shrinking, deformation and relaxation. For 
example, a high resolution detailed mechanistic interpretation 
and modeling of the low resolution experimental force-inden-
tation (or force-deformation) spectra have become possible 
[130]. Hence, the numerical output can be used to inform the 
single-molecule experimental interpretation.

5.2. Thermodynamics and mechanics of lateral  
and longitudinal tubulin–tubulin junctions

As discussed in section 2, when αβ-tubulin dimers polymer-
ize GTP bound to β-tubulin is hydrolyzed to GDP, and when 
GDP occupies the β-tubulin site in soluble tubulin dimers the 
protein does not polymerize [131]. Structures resolved to date 
suggest that a GDP-bound tubulin dimer is bent by  ∼22◦ (see 
figure 1(B)) [67, 132], yet this conformation is masked by the 
lateral bonds formed with subunits in adjacent protofilaments. 
However, when MTs depolymerize these bonds dissociate and 
the MT end forms a splay of bending protofilaments (figure 
2(B)) [67], and so the curling of the protofilament is capable 
of delivering a power stroke [133]. In cells, the MT polymers 
assemble into long cylinder-like particles typically composed 
of 13 protofilaments. These structures are reinforced by a net-
work of lateral and longitudinal non-covalent bonds, which 
also makes it difficult to connect the macroscopic MT proper-
ties with the molecular characteristics of tubulin. Theoretical 
approaches play an important role in providing such a connec-
tion [134, 135], but difficulties remain regarding the detailed 
knowledge of microscopic characteristics that have a signifi-
cant effect on MT dynamical behavior. Several simulation 
and modeling studies have been performed at the atomic and 
coarse-grained levels of detail [127, 130, 136, 137]. Three 
major characteristics have been identified: the interfacial ther-
modynamics for the connecting adjacent tubulin subunits, 
including the dissociation energies of lateral and longitudinal 
bonds, and the mechanical flexural rigidity of tubulin proto-
filaments. These properties have been estimated using theor-
etical models, which explains the controversy surrounding 
various aspect of MT thermodynamics including the number 
of tubulin–tubulin interaction sites and the energy landscapes 
[134, 138–140]. MT mechanical properties have been studied 

for more than 30 years; yet quantitative estimates from vari-
ous research groups differ substantially.

The lateral tubulin–tubulin bonds rupture before the lon-
gitudinal bonds during MT disassembly, which is evident by 
the appearance of bending ‘rams horns’ structures at the ends 
of shortening MTs (figure 2(B)) [67]. This suggests that the 
lateral tubulin–tubulin bonds are weaker than the longitudinal 
bonds [141], but the absolute values of the interaction ener-
gies have not been determined experimentally. Using theor-
etical Poisson–Boltzmanns calculations, Sept et al estimated 
the potential energy difference between the longitudinal and 
lateral interactions to be  ∼7 kcal/mol [142]. Estimates of 
the free energies of dissociation of lateral and longitudinal 
bonds range from 1.8 to 8.9 kcal/mol and 3.6 to 11.8 kcal/
mol, respectively [138–140, 143], and computational studies 
of the thermodynamics and biomechanics of tubulin–tubulin 
bonds are rare. Using a stochastic model and Monte Carlo 
simulations, VanBuren et al predicted the Gibbs free energy 
for longitudinal and lateral interactions to be in the range of 
6.8–9.4kBT  and 3.2–5.7kBT , respectively [143]. In a recent 
study, compressive force-induced deformation of an MT lat-
tice was carried out using Langevin dynamics simulations. 
These in silico experiments, in which the longitudinal and lat-
eral non-covalent bonds were directly manipulated, revealed 
the average dissociation free energies of lateral bond 6.9 ± 0.4 
kcal/mol and longitudinal bond 14.9 ± 1.5 kcal/mol [130]. In 
a quantum chemical study, high values of the bond energies 
have been obtained, namely 110.3 kcal/mol for the lateral 
bond and 93.4 kcal/mol for the longitudinal bond [144, 145]. 
In these studies, the lateral bonds were found to be stronger 
(rather than weaker) than the longitudinal bonds. In a recent 
computational study, Wu et al have argued for the existence of 
an alternative tubulin lateral interaction site [138].

Accurate determination of the rigidity of an MT polymer 
and of an MT protofilament is important, because defining the 
mechanisms of storage of elastic strain energy and force gen-
eration during MT depolymerization follows directly from the 
magnitude of these parameters. For MT polymers, Deriu et al 
and Enemark et al estimated the Young’s modulus to be 1.66 
GPa and 0.6 GPa, respectively [136, 137]. Wells et al obtained 
the Young’s modulus in the axial direction of 1.2 GPa [146]. 
Tuszynski et al found the Young’s modulus of 4 MPa and 1.34 
GPa for the lateral and axial directions, respectively [147]. 
For Taxol stabilized MT, Sept and MacKintosh obtained the 
Young’s moduli of 0.38 GPa and 48 MPa for the axial and 
shear directions, respectively [148]. The estimates of flexural 
rigidity for MT protofilaments vary by an order of magnitude, 
from 1500 to 13 000 pN · nm2 [149], which corresponds to 
2–20 kcal/mol energy range per dimer for the full straighten-
ing of a protofilament. A recent computational study utilized 
the compressive force-induced deformation of an MT lattice 
and found that the flexural rigidity of protofilament fragments 
(EI) lies in the 18 000–26 000 pN · nm2 range [130]. These 
values are larger than the EI estimated from the energy of GTP 
hydrolysis (13 000 pN · nm2) [149]. However, the inclusion 
of hydrodynamic interactions led to EI in the 10 000–20 000 
pN · nm2 range, which agrees better with the GTP hydroly-
sis energy based estimate [150]. This comparison seems to 
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indicate that almost the entire energy resulting from GTP 
hydrolysis is stored in a form of mechanical stress accumu-
lated in the strained tubulin conformation and also points to 
the important role played by hydrodynamic interactions in the 
dynamics of MTs.

5.3. Depolymerizing microtubules can pull

MT disassembly plays an essential role in the dynamics of 
chromosomes during cell division, and their unique dynamic 
characteristics are required for mitosis and maintenance of 
cell properties. Because the minus end directed MT-dependent 
motor enzymes are not required for poleward chromosome 
movement, MT disassembly is the primary source of energy 
for these motions [151, 152]. Yet, the mechanisms of conver-
sion of the chemical energy stored in the MT structure due to 
GTP hydrolysis into mechanical work from the MT depoly-
merization process are unclear. The ability of MTs to generate 
pulling forces in the absence of motor enzymes is less obvious 
than the development of pushing forces due to MT growth, 
because MTs shorten by losing subunits from their ends, and 
so it is difficult to imagine a moving cargo maintaining a dura-
ble attachment with the disassembling MT tip. To date, two 
mechanisms were proposed, namely the power stroke mech-
anism and the biased-diffusion mechanism.

5.3.1. Biased-diffusion mechanism. Several diffusion mod-
els have considered the bias created by Brownian ratchets 
[153]. Consider a single protofilament in an MT lattice and an 
MT-binding protein particle attached to the terminal tubulin 
subunits. The particle can move along the protofilament but it 
cannot dissociate completely even if it makes 4 or 8 nm jumps 
between the binding sites localized to the α- or β-tubulin 
monomer or the αβ-tubulin dimer, respectively. That the par-
ticle remains bound to the MT lattice may or may not be true 
for diffusing MAPs. For example, the heterodecameric Dam1 
protein and the Ndc80 kinetochore protein detach from MT 
in less than a few seconds [154, 155]. Therefore, the diffu-
sion time on an MT surface is limited, albeit some proteins  
(single-headed myosin Va) maintain their attachment for  ∼40 s 
[156]. A rapidly diffusing protein jumps back and forth many 
times during MT shortening. However, neither the Dam1 het-
erodecamer with the diffusion coefficient D = 0.1 μm2· s−1  
[154] nor the Ndc80 protein with D = 0.15 μm2·s−1 [155] are 
capable of diffusing a long distance before the shortening MT 
end catches up. Particles with similar diffusivity have to stay 
closer to the shortening tip, in which case the rate of the par-
ticle’s translocation on the MT surface is limited by the  ∼20–
30 μm · min−1 rate of MT disassembly. Proteins capable of 
maintaining their attachment for 1–2 s can be transported 
by  ∼0.5 μm; yet, MTs are known to depoly merize slower in 
vivo. For example, MTs attached to the kinetochores of mam-
malian cells disassemble at a rate of 1–2 μm · min−1, which 
implies that Dam1 heterodecamer particles move in vivo for 
40 nm before detaching.

Can the diffusion of proteins on the MT surface affect the 
rate of MT polymer disassembly? If the particle’s waiting time 

to jump from one site to the next is comparable to the disso-
ciation time for a terminal MT subunit, the particle can be lost, 
thus, making the MT end tracking difficult. However, when the 
terminal subunit does not dissociate prior to particles jumping 
to the next site, this system shows directional motility, which 
is rate-limited by the particle’s diffusion. Many MAPs diffuse 
faster than MT depolymerization in vivo [157] including the 
Dam1 heterodecamer. Yet, the oligomeric assemblies of the 
Dam1 heterodecamer are slow-diffusing particles [158] (for a 
16-subunit Dam1 complex D is of the order of 10−5 μm2·s−1  
or slower) capable of slowing down MT depolymerization 
[159, 160]. If such a particle moves with the shortening MT 
end following the biased-diffusion mechanism, it will reduce 
the rate of MT shrinking. However, Dam1 oligomers are capa-
ble of tracking the shortening MT ends at 10 μ m· min−1 rate. 
This implies that their mobility is governed by a different 
mechanism [159]. In a biased-diffusion mechanism, a small 
load might completely stop the MT disassembly. A shortening 
MT can carry a 5 pN load at a rate of 1 μm · min−1 and the 
motion stalls at 6–7 pN, but if the particles form a complex 
structure, the stalling force is also determined by the structure 
design. The largest force for a diffusing multiparticle com-
plex is obtained with Hill’s sleeve, for which the stalling force 
is 10–15 pN [161–163]. Yet, this is a much lower force than 
the largest force the kinetochore-associated MTs can with-
stand [164]. Hence, the biased-diffusion mechanisms cannot 
account for the MT-induced chromosome motion under larger 
loads observed in spermatocytes [164]. In the ‘burnt bridge’ 
variant of the model, a particle moving along the polymers 
surface destroys its tracks after crossing them in one direction 
[165]. This model is applicable to any shortening polymer and 
it does not consider specific details of the mechano-chemical 
pathways of MT disassembly.

5.3.2. Power stroke mechanism. If the terminal subunits of 
a bending protofilament push on the end-associated particle, 
the particle’s motion becomes depolymerization dependent. 
In this ‘power stroke’ mechanism, the particle does not use 
thermal fluctuations to overcome the force due to an opposing 
load. Rather, a depolymerizing MT utilizes chemical energy 
stored in an MT lattice to do mechanical work [140]. If bend-
ing of protofilaments occurs before the particle (with attached 
load) dissociates from the MT tip, the load is carried proces-
sively (i.e. without detachment). Recent studies have dem-
onstrated that MT depolymerization generates pulling forces 
using a similar mechanism [166]. Mechanical force genera-
tion from bending protofilaments was achieved by inducing 
depolymerization of MT with an attached microbead. The 
latter moved in the direction of MT shortening owing to 
proto filaments curving outward [166]. This gives rise to the 
so-called ‘rams horns’, which are typical of a shortening MT 
end. Assuming that the energy of GTP hydrolysis (∼12kBT) 
stored in the strained conformations of GDP-tubulins is con-
verted into mechanical work, the maximum force from a dis-
assembling MT made of 13 protofilaments is  ∼80 pN. This 
estimate exceeds the force required to move mammalian chro-
mosomes across a cytoplasm [161, 164].
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In experiments, a load is attached to the shortening MT tip 
using various MAPs [167, 168]. Yet, the interpretation of these 
experiments is difficult because MAPs are known to influ-
ence tubulin polymerization-depolymerization dynamics. In a 
recent study, MAP-coated beads were brought in contact with 
the tips of MT seeds nucleating single MTs using laser twee-
zers [169]. MAPs enabled the beads to ride with the growing 
tip even after 0.5–3 pN force was applied to pull the beads 
away from the tip. Under applied load, the runs were shorter 
and the beads traveled 1 μm or less [170]. These experiments 
showed the ability of the MT to pull and suggested that a sin-
gle MT can generate a force of 10 pN or more [171]. In a more 
recent study, the bead was attached directly to the MT wall 
via a biotin-streptavidin pair [172]. When MT protofilaments 
splayed outward, the beads showed a small jerk in the direction 
of depolymerization. The pulling force barely reaching 0.5 pN 
was attributed to conformational changes that occurred at the 
shortening MT end [159]. Calculations showed that a single 
protofilament pushing on a 1 μm bead with a  ∼6 pN force 
displaces the bead to a distance corresponding to a 0.5 pN  
trapping force. This estimate is in good agreement with the 
maximum force of 0.45 pN measured with streptavidin-coated 
beads [166].

5.4. Polymerizing microtubules can push

In vitro and in vivo studies demonstrated the ability of growing 
MTs to push, suggesting that these processes are important in 
cells, but this property is not MT-specific since polymerizing 
actin can also exert pushing forces [173, 174]. MT’s ability to 
deform cellular structures was observed, e.g. in studies of the 
protozoan Echinospherium—a heliozoan with MT-containing 
arms [175]. MT polymerization also plays important roles 
in defining the position of the cell nucleus and in changing 
the shape of cellular organelles. Specifically, MT growth was 
found to define the motility in fission yeast [176], to influ-
ence the position of cell nucleus in fission yeasts [177], and 
to change the endoplasmic reticulum structure in newt lung 
epithelial cells [178]. That tubulin polymerizes in liposomes, 
which leads to the deformation of their shape, is one of the 
most direct demonstration of MTs’ ability to push [179]. 
When tubulin polymerizes in a confined space growing from 
a bead-attached MT nucleation center (e.g. an isolated centro-
some), mechanical forces push the nucleating particle to the 
geometric center of the chamber [180, 181].

In several studies [180, 182], forces from single polymer-
izing MTs were measured using short fragments of stabilized 
MTs attached to a glass substrate via a biotin-streptavidin pair 
[180]. In a ‘keyhole’ optical trap experiment, an MT frame-
work of a cilium or flagellum was attached to a microbead 
[106, 183]. When a growing MT tip pushed against the barrier, 
it forced the axoneme-attached bead to move in the opposite 
direction. In other recent studies, the effect of a compressing 
force on MT growth was probed, which also led to the dis-
covery of compressive force-induced MT catastrophe [182]. 
The rate of MT polymerization decreased with the increas-
ing load, and the MT growth stalled at 5 pN force, in agree-
ment with the predictions of the Brownian ratchet model [184, 

185]. More recently, advances in laser-trap-based technology 
have enabled experimentalists to explore the molecular events 
unraveling at the growing MT end in vitro. Several studies 
looked into addition of tubulin dimers to the ends of MTs 
growing from bead-associated axonemes [183, 186]. It was 
found that tubulin polymerization involves repetitive cycles 
of elongation and shortening reaching 40 nm in length, and 
that MT growth is a continuous rather than discrete multi-step 
process [186].

MT polymerization mechanisms cannot be fully under-
stood by ignoring the elastic properties of MT protofilaments. 
A simple model for tubulin pushing forces considers a tip of 
an MT protofilament growing against a fluctuating particle. 
Because in this model thermal fluctuations are important, this 
and other similar models were called ‘Brownian ratchets’ 
[187]. The particle’s random motion in the plus-direction of a 
growing protofilament allows a monomer to attach to the MT 
tip, thereby extending its length by a small amount ∆x. In the 
presence of an opposing force f, the rate of polymerization is 
given by:

v( f ) = ∆x(kone−f∆x/kT − koff) (1)

where kon and koff are, respectively, the polymerization and 
depolymerization rate constants [187]. To account for the 
load-dependence of polymerization rate, the load-free rate 
kon∆x is amended by the Boltzmann factor exp[−f∆x/kT]
—the probability of opening a gap of size ∆x under force f. 
The stalling force fst can then be obtained from the condition 
of equality of polymerization and depolymerization rates, 
v(F) = 0, which gives:

fst = (kT/∆x) ln[kon/koff]. (2)

The Brownian ratchet model can be used to describe any 
biopolymer’s growth process as long as the bending fluctua-
tions are fast compared with the assembly rate, and the bend-
ing energy is smaller than the thermal energy [188]. The first 
assumption is satisfied because tubulin polymerization rates 
are indeed slow; the second assumption holds only for rela-
tively long polymers because MTs are fairly rigid (EI = 10
–23 N · m2) [179]. One can estimate the shortest length of 
an MT polymer behaving as an elastic ratchet by taking into 
account the length of a tubulin subunit (dimer), ∆x = 8 nm. 
For a 2 μm MT made of 13 tubulin protofilaments forming 
a 3-start helix, the minimal distance spanned by the MT tip 
is  ∼1 nm and the gap of this size corresponds to the thermal 
energy of 1 kBT . Hence, a polymerizing MT can push if it has 
reached a 2 μm length. On the other hand, long MTs >10 μm 
cannot push simply because they buckle [181].

6. The future: open questions

The exploration of the molecular differences between the kine-
sin-8 and kinesin-13 families, which account for their distinct 
cellular roles, is needed. For example, determining whether 
kinesin-8s are all direct MT depolymerases or whether some 
regulate MT dynamics without removing tubulin subunits 
needs to be resolved. Furthermore, an understanding of how 
kinesin-13 depolymerizes MTs processively, coupled with a 
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clearer understanding of the ATPase trigger at MT ends, is 
important to complement our knowledge of the kinesin-13 
depolymerization mechanism [50]. In light of their unique 
role in the life of MTs, deciphering the precise roles and the 
mechanisms of action of MT severing enzymes is a must.

As described above, the mechanisms and modes of activity 
for MT severing enzymes are speculative at best. More bio-
chemical, biophysical, and modeling data is needed to eluci-
date the possible activities and mechanisms of these enzymes. 
Recent insights about the differences between the families of 
katanin and spastin are already shining light on different pos-
sible mechanisms of action and cellular regulation schemes 
[100, 189]. More mechanical-chemical modeling is par-
ticularly important to understand the coupling of mechanics 
with the ATPase kinetics of enzymes that can impart forces on 
MT walls and destroy the polymer.

Mechanical and force-generating properties of MTs are 
important for many cellular processes; yet, little is known with 
certainty about the thermodynamics of tubulin–tubulin interac-
tions and the biomechanics of MT protofilaments. In theoretical 
models, the dissociation energies of the lateral and longitudinal 
tubulin–tubulin bonds are estimated using the tubulin mono-
mer or dimer as the smallest unit [140, 143, 161], and, hence, 
the MT assembly and disassembly reports on the thermody-
namics of tubulin–tubulin interactions but only indirectly. Due 
to the MT structural complexity, the modeling of AFM exper-
imental force-indentation spectra at the level of tubulin–tubu-
lin bond dissociation is difficult. Hence, the development of 
experimental single-molecule techniques with ultra-sensitive 
detection to manipulate with MTs at the nanoscale will help 
to reveal a detailed picture of tubulin dynamics at the MT tip, 
and will trigger refinement of mechano-chemical models of 
MT assembly. Phenomenological models fit well into force-
velocity curves, but these models provide no insight about the 
molecular level detail of MT growth. This is due to the com-
plexity of the tip structure and the lack of a clear understand-
ing of the mechanism of coupling among MT protofilaments, 
which have led to assumptions that are difficult to justify and 
to a large number of model parameters. Molecular-mechanical 
models treating individual tubulins as separate mechanical ele-
ments [161, 190] are an improvement over phenomenological 
models. For instance, in a recent model formulated by Odde 
and colleagues [134] both tubulin assembly kinetics as well 
as mechanics of forces holding tubulins in the MT lattice 
are integrated together. Furthermore, a proper account of the 
elasticity of protofilaments and of the stochastic variability of 
protofilament protrusions will bring the modeling efforts to a 
level appropriate to understand the dynamics of MT growth 
and shortening at the nanoscale.

Regarding the mechanisms of force generation due to MT 
disassembly, recent years have witnessed a significant pro-
gress in the experimental analysis of the power strokes from 
bending protofilaments. Further, model predictions showed 
a good fit with the experimental data, but the direct meas-
urements of large depolymerization forces is lacking. Also, 
there is great interest in how an opposing load affects tubulin 
kinetics at a disassembling MT end. During metaphase, the 
duplicated chromosomes display rich dynamics with attached 

sister chromatids moving closer together. While the dupli-
cated chromosome remain connected to MTs, an increase in 
tension beyond a threshold level might trigger the MT switch 
from a depolymerizing state to a polymerizing state [191], but 
the mechanism is not understood.

There is a growing interest in molecular devices that couple 
MT shrinkage to processive cargo motion. The kinetochore-
associated proteins provide coupling between a chromosome 
and a shortening MT tip and convert the energy of MT depoly-
merization. These couplers might also be involved in other 
kinetochore functions, such as error correction [192], and it is 
not known how coupling mechanisms and these functions are 
integrated together. Much work has been done on the 60 nm 
long protein complex Ndc80 found in all eukaryotes [155, 
193, 194], which links MTs to the kinetochore. For instance, 
Ndc80-coated beads have been demonstrated to track shorten-
ing MT ends [155, 194], but it is not known whether these 
beads move according to the power stroke mechanism or the 
biased-diffusion mechanism, or they simply slide on the MT 
surface. Structurally similar proteins are also interesting can-
didates for their potential role as kinetochore couplers. For 
instance, another important MT-coupler, Dam1, still projects 
a controversy regarding the oligomerization of Dam1 into 
a ring and the mechanism of coupling, because the binding 
energy and the rate of Dam1 diffusion on the MT surface are 
still being debated [159, 170]. Future studies will clarify the 
mechanism of Dam1 ring oligomerization and motility.

Although in silico modeling provides definite advantages 
[126, 127, 130], there is a growing need for the deployment of 
scalable computational modeling tools to accelerate the explo-
ration MT dynamics on multiple spatiotemporal scales, but a 
realistic MT model would have to combine accurate molecu-
lar description, polymer mechanics, and MT physiology. For 
example, the Ndc80-MT binding interface might involve sev-
eral binding sites [195, 196], because both α- and β-tubulins 
have negatively charged CTTs. The all-atom MD simulations 
of atomic structural models and Langevin simulations of their 
native-topology based coarse-grained reconstructions have 
the potential to illuminate the molecular details of interactions 
between MTs and MAPs and to map out their binding energy 
landscapes.
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