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Introduction
The assembly of molecules into ordered arrays can do mechanical
work. The freezing of water can crack rock, and the assembly of
proteins into fibers can push on subcellular structures. For
example, growing microtubules (MTs) can deform the surfaces
of protozoans (Tilney, 1968), polymerizing deoxygenated, sickle-
cell hemoglobin can distort red blood cells (Samuel et al., 1990),
actin assembly can help advance the leading edge of migrating
cells (Pollard and Borisy, 2003) and polymerizing actin homologs
can segregate chromosomes for prokaryotic cell division (Kruse
and Gerdes, 2005). The ability of disassembling structure to do
work is, however, less well established. It was first suggested as
a mechanism for chromosome motion in the 1940s (Oestergren,
1949). As the reality of spindle fibers became evident, models
based on MT dynamics were developed to explain many aspects
of chromosome motion (Inoue and Sato, 1967). The simplicity
of polymerization-based motility enhanced the popularity of
these models, but exactly how a chromosome holds onto a
shortening spindle fiber was not spelled out. Moreover, the early
observations supporting this hypothesis (Inoue et al., 1975) were
made on cells containing a full complement of motor enzymes;
so the observed motions could have been caused by minus-end-
directed motors, with MT shortening serving as a regulator that
permitted motion without causing it. Thus, for many years the
evidence for a depolymerization motor in mitosis was largely
circumstantial.

Kirschner and colleagues pioneered the investigation of
chromosome–MT interactions in vitro (Mitchison and Kirschner,
1985). They showed that depolymerizing MTs remained bound
to isolated, coverslip-attached mammalian chromosomes
(Koshland et al., 1988). However, they presented no evidence
that mechanical work was actually done as these MTs shortened,
and the possibility of a contribution from ATP-dependent motors
was not rigorously excluded. Subsequent work from our
laboratory addressed these issues through a system in which
isolated chromosomes moved by MT depolymerization against a
flow of buffer while nucleotide concentrations were driven below
nanomolar range by addition of apyrase. These results
demonstrated that tubulin depolymerization could do mechanical
work in vitro (Coue et al., 1991). Antibodies against CENP-E, a
kinetochore-localized kinesin, blocked this depolymerization-
dependent, nucleotide-independent movement (Lombillo et al.,
1995a). Analogous motions were seen with inert microspheres
coated by MT-dependent motor enzymes; for example, a plus-
end-directed motor was induced to move backwards under the
influence of tubulin depolymerization in either the absence or
presence of ATP (Lombillo et al., 1995b). From this work it
emerged that MT shortening is, indeed, a motor – but to see its
action in vitro one needs an effective coupling between the cargo
under study and the shortening MT.

In recent years, several features of this depolymerization-
dependent motor have been characterized. Ideas about how MT
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shortening can do work are now well developed, although there is
disagreement on how tubulin depolymerization is coupled to its
cargo. This Commentary summarizes aspects of recent studies on
tubulin depolymerization and juxtaposes them with studies on the
bacterial tubulin-like protein FtsZ. The results suggest that the
mechanism by which tubulin polymers can exert force as they
shorten is ancient and related to the machinery for bacterial cell
cleavage.

MT depolymerization is a motor in eukaryotic
cells
Hoyt and colleagues showed that mitosis can work in the budding
yeast Saccharomyces cerevisiae with only two MT-dependent
motors: a twofold symmetric, homo-tetrameric kinesin 5 that helps
spindles to form; and a second motor that promotes tubulin
depolymerizaton (Cottingham et al., 1999). Mitosis limped along
well enough to sustain colony growth, even when cells contained
only kinesin 5 and a mutated depolymerizing motor, so long as a
drug was added to enhance MT depolymerization. However, these
studies did not include direct observation of chromosome motions.
More recent work from our laboratory has shown that, in the
fission yeast Saccharomyces pombe, the deletion of all three minus-
end-directed MT-dependent motors (the ones that could pull a
chromosome poleward) does not reduce the maximal speed of

such motions (Fig. 1) (Grishchuk and McIntosh, 2006). This result
has been confirmed in budding yeast (Tanaka et al., 2007) and
expanded in fission yeasts (Franco et al., 2007; Gachet et al.,
2008), leading to the conclusion that minus-end-directed motors
are dispensable for chromosome-to-pole motion in two rather
distantly related yeasts.

In higher eukaryotes the associations of chromosomes with spindle
fibers in early mitosis are often between kinetochores and MT walls;
the resulting pole-directed chromosome motions are probably driven
by dynein (Yang et al., 2007). With this exception, motor inhibition
in most well-studied cells cause more problems for spindle assembly
than for chromosome movement per se. When kinetochore motors
are compromised at metaphase by injection of antibody (Sharp et al.,
2000), mutation (Garcia et al., 2002; Mao et al., 2010; Grishchuk et
al., 2007; Tanaka et al., 2007) or RNAi of components required for
motor–kinetochore association (Wordeman et al., 2007; Yang et al.,
2007) the results are generally changes in chromosome speed and/or
an increase in the rate of chromosome loss, but the chromosomes
continue to move. Thus, it is likely to be some engine other than a
minus-end-directed motor that is the fundamental driver for
chromosome-to-pole motion in vivo.

One could argue that these mitotic motions are based on actin or
some unknown motile machinery, but two additional findings support
the hypothesis that tubulin depolymerization is a motor for
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Fig. 1. Fission yeast chromosomes move poleward in the absence of pole-directed motor enzymes. (A,B)Cells were deprived of MTs by growing a cold-
sensitive mutant of -tubulin at a restrictive temperature (18°C) for 6 hours; this caused the kinetochores to lose their pole-proximal association (Grishchuk and
McIntosh, 2006). Upon reversion to permissive conditions (32°C), MTs grew from the centrosomes and encountered the now-dispersed chromosomes. Subsequent
chromosome motions were monitored using fluorescence microscopy. (A)Three S. pombe cells from a 3- to 10-minute sample showing stages in chromosome
attachment to the spindle. White arrows suggest an inferred progression. Chromosomes, purple; centrosomes, green; kinetochores, red. (B)Fluorescence imaging
of a living cell in which both poles (green arrowheads) and one kinetochore (red arrowheads) were tagged with GFP. Imaging was done over a period of 10
minutes. SPB, spindle pole body. (C)Four-dimensional microscopy allowed quantification of the rate of chromosome-to-pole motion in different mutant strains of
motor proteins. The maximal rate of chromosome motion was unchanged in those strains that lack the kinesin 14 family members Pkl1 and Klp2 as well as the
dynein heavy chain (Dhc1) (pkl1klp2dhc1; green), revealing that these motors are not at the root of poleward chromosome motion. (D,E)Although the
absence of minus-end-directed motors had a relatively minor impact on mitotic progression in wild-type cells (D), the motors contributed to the accuracy and
expediency of the poleward motion and bi-orientation when cells were challenged by chromosome scatter (E). Adapted from Grishchuk and McIntosh with
permission (Grishchuk and McIntosh, 2006). Chromosomes, purple; centrosomes, green; kinetochores, red (for panels A,D,E).
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chromosome motion in vivo: the aforementioned fact that MT
depolymerization can move chromosomes at physiological rates in
vitro and the observation that inhibition of MT dynamics with low
concentrations of Taxol blocks mitosis without increasing MT
polymer mass (Jordan et al., 1993). Understanding the mechanical
properties of tubulin depolymerization is, therefore, important for
understanding cellular mechanisms for chromosome motion.

Finally, it is worth noting that MTs can lose subunits from either
end. Depolymerization from the pole-associated minus end of MTs
might have a role in both the flux of kinetochore MTs towards the
spindle pole (Mitchison and Salmon, 1992) and the segregation of
some chromosomes during anaphase (LaFountain et al., 2001). In
this Commentary we look only at kinetochore-associated plus-end
depolymerization, partly because this is the important mechanism
for anaphase in both yeast and mammals, partly because this process
is better described and partly because we believe that the mechanics
of depolymerization are likely to be the same at both MT ends.

Transmitting the force of MT depolymerization
The first fully developed theoretical model for attaching a load to
a depolymerizing MT was based on a hypothetical ‘sleeve’, which
was proposed to surround each kinetochore-associated MT near its
plus end, establishing many weak bonds with the MT wall (Hill,
1985). These weak bonds allowed the sleeve to diffuse on the MT
so its position was not fixed. It could not, however, diffuse off the
MT end, because that would require breaking all bonds. Tubulin
depolymerization therefore biased the diffusion of the sleeve,
allowing the energy released by MT shortening to do work on
objects attached to the sleeve. More recent treatments of this
hypothesis have pointed out several weaknesses, such as its inability
to accommodate the expanded shape of a depolymerizing MT end
(Efremov et al., 2007) or to withstand substantial counter forces
(Joglekar and Hunt, 2002; Molodtsov et al., 2005a). The latter is
of particular significance because spindles can exert large forces
when a chromosome is stalled, either by experiment (Nicklas,
1997) or entanglement. Nonetheless, biased diffusion of a loosely

bound structure is a physically realistic way of coupling MT
shortening to the movement of a light load (Grishchuk et al.,
2010), so it remains a popular idea in the field.

Marc Kirschner and colleagues brought the issue of MT structure
into focus on the basis of their early findings that depolymerizing
MTs formed curved tubulin oligomers, e.g. rings and helices
(Kirschner et al., 1975). They proposed that in a MT wall the
strands of tubulin, the protofilaments (PFs), curve as they
depolymerize, making a conformational ‘wave’ that would allow a
chromosome to ‘surf’ on the MT end as the polymer shortened
(Koshland et al., 1988). These interpretations paved the way for a
different view of depolymerization-dependent generation of force
and coupling between cargo and MT.

The presence of bending PFs at the ends of depolymerizing MTs
was demonstrated using electron microscopy (EM) of MTs that
were rapidly frozen while depolymerizing in vitro, then imaged in
the frozen-hydrated state (Mandelkow et al., 1991). Numerous
subsequent studies have helped to characterize the changes in
tubulin shape associated with GTP hydrolysis (Chretien et al.,
1995; Elie-Caille et al., 2007; Muller-Reichert et al., 1998; Wang
and Nogales, 2005), providing strong support for the idea that
GDP–tubulin in MTs is strained within the MT wall. Stressed
lateral bonds in the GTP-containing MT cap prevent PFs from
adopting their more curved, minimum-energy shape. A relaxation
of this stress during bending is now generally thought to be part of
the pathway for GDP–tubulin depolymerization (for a simulation
of MT depolymerization, see supplementary material Movie 1).
Although some structural evidence suggests that a tubulin dimer is
bent regardless of the nucleotide it binds (Rice et al., 2008), the
balance of current evidence supports the idea that MT shortening
works simply through the action of PFs that relax to a higher
curvature as they depolymerize.

Bending MT protofilaments can generate force
Direct in-vitro assays have demonstrated that PFs that bend at the
plus end of a shortening MT can, indeed, generate force (Grishchuk
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Fig. 2. Tubulin depolymerization exerts force on
inert objects coupled tightly to a MT wall.
(A,B)Experimental setup to measure the
depolymerization force. MTs initiated from coverslip-
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A microsphere coated with streptavidin binds to
biotinylated MT segments (blue) and can be captured
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(see photodiode data in B), MT depolymerization pulls
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Grishchuk et al. (Grishchuk et al., 2008a).
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et al., 2005). We attached a microsphere to a MT wall using beads
coated with streptavidin and MTs assembled from biotinylated
tubulin. First, polymers were initiated from coverslip-bound
nucleators, elongated with biotinylated tubulin and then capped
with biotin-free, Rhodamine-labeled tubulin assembled in the
presence of GMPCPP, a slowly hydrolyzed analogue of GTP that
makes MTs unusually stable (Fig. 2A). Soluble tubulin could now
be rinsed out, avidin-coated beads washed in, and many of them
attached to the tethered, biotinylated MTs. We used laser tweezers
to trap individual beads and then a pulse of bright light to bleach
the Rhodamine – which dispersed the stable tubulin cap – inducing
the bead-associated MT to depolymerize. When the end of the
shortening MT reached the bead, the bead experienced a brief jerk
that was visible with a quadrant photo-diode (Fig. 2B). This
confirmed the reality of curling PFs at the end of a shortening MT
and allowed a rather direct measure of the force these
conformational changes could generate.

The observed force was small – on average ~0.2 pN, with a
maximum of 0.5 pN (for comparison, it takes about 6 pN to stall
a normal motor enzyme). We have argued, however, that the force
actually generated by bending PFs is much larger than the measured
value, given the geometry of the system. Our wall-attached beads
had a radius of 250–1000 nm, whereas the MT radius is ~12 nm;
bending PFs are usually less than 50 nm long. If – as the chemistry
suggests – the bead is bound to the MT wall, the bending PFs
would act at the surface of the bead, whereas the laser trap acts at
its center (Fig. 2C). Thus, the trap has a huge mechanical advantage
over the bending PF(s) (Grishchuk et al., 2005). This idea is
supported by the fact that smaller beads report larger forces from
MT depolymerization (Fig. 2D). One must admit, however, that
the exact geometry of bead–MT interaction is unknown, either in
our work or in that of others who do similar studies, so there is
some question about the right way to interpret the observations.
When our interpretation is used, one bending PF generates about
the same force as an ATP-dependent motor enzyme; when one
considers that there are 13 PFs in each MT, a depolymerizing MT
that is correctly coupled to a chromosome should exert ~10� the
force of a kinesin motor. This force approaches the theoretical
maximum defined by the energy of GTP hydrolysis, and it is on
the same order as the probable force per MT observed by Bruce
Nicklas when he stalled chromosome motion in anaphase (for a
review, see Nicklas, 1997). No wonder the ATP-dependent action
of kinetochore motors is dispensable for chromosome-to-pole
motion.

Coupling objects to shortening MTs
The depolymerization-dependent motion of streptavidin-coated
beads is short; this kind of static coupling cannot produce processive
motion and is a bad model for chromosome motion in vivo. How,
then, do cells attach objects to MTs so they can follow
depolymerization over biologically useful distances? It has long
been recognized that cargos bound to MT walls could be pulled
poleward if depolymerization were at the poles (Margolis and
Wilson, 1981), but if depolymerization were at the kinetochore, the
problem would be more acute. How can a tip-attached cargo move
if subunits are leaving from the tip itself, and how can the cargo
stay bound if it is attached at the site where subunits are leaving?
The sleeve in Terrell Hill’s model attaches to the wall at a place
where it can include the tip (Hill, 1985). Both Koshland et al. as
well as Inoue and Salmon proposed lateral attachments near the
MT end, and the latter paper added the suggestion of fibrillar

binding directly to the tip (Koshland et al., 1988; Inoue and Salmon,
1995). Our early evidence showed that bead-coupled motor
enzymes, which probably attached to the MT wall, could follow a
depolymerizing end (Lombillo et al., 1995b), but the results
admitted the possibility that these beads rolled as they moved
(Grishchuk et al., 2008b; Peskin and Oster, 1995) – a poor model
for mitosis. Work at that time with non-motor MT-binding proteins
provided no evidence for processive motions, and the problem lay
dormant for several years.

Ring-shaped couplers
MT–cargo coupling was opened to rigorous investigation following
the discovery that a kinetochore protein complex from yeast – the
Dam1 or DASH complex (Cheeseman et al., 2001) – can bind to
and form rings around MTs in vitro (Miranda et al., 2005; Wang
et al., 2007; Westermann et al., 2005). Initially, fluorescence
microscopy suggested that these complexes diffuse along a MT
surface and follow depolymerization over many micrometers
(Westermann et al., 2006). Additional work with laser tweezers
showed that beads coated with the Dam1 complex attached to MT
tips in such a way that, when pulled in the direction of MT
polymerization, they would ride with the growing MT end (Asbury
et al., 2006). When the same MT started to depolymerize, the
Dam1-coated beads followed the shortening end. This shortening
could even continue against a small load, albeit for only a few
hundred nanometers (Franck et al., 2007).

Structural studies of MTs coated with Dam1 revealed individual
rings and extended helices, permitting detailed analysis of Dam1
complexes bound to MT walls (Miranda et al., 2007; Wang et al.,
2007). The positively charged C-terminus of the Dam1 protein
itself, probably in combination with parts of other proteins in this
complex, projected in towards the MT wall where interaction with
the negatively charged C termini of - and/or -tubulin was
possible. Because early observations of fluorescent Dam1
complexes bound to MTs in vitro showed rather rapid one-
dimensional diffusion (Westermann et al., 2006), and EM showed
predominantly ring-shaped aggregates of Dam1 on MTs, the work
was interpreted to mean that Dam1 rings could slide easily over
the MT surface. This suggests that they move with a shortening
MT end through biased diffusion (supplementary material Movie
2), providing an elegant mechanism for chromosome–MT coupling
and provoking a resuscitation of the ideas of Terrell Hill – with the
sleeve recast as a ring and a conformational wave as the ‘limiter’
of ring diffusion (Davis and Wordeman, 2007; Efremov et al.,
2007).

Dam1 forms more than just rings
Subsequent work from our group has used EM to characterize
Dam1 oligomers as they associate with MTs bound through biotin-
avidin interaction to an electron-transparent film. When samples
were aldehyde-fixed before negative staining, we found many
oligomers that were curved but not ring-shaped (Fig. 3A).
Moreover, we and others have used fluorescence microscopy to
quantify the number of Dam1 complexes in oligomers associated
with MT walls, and have shown that many of them are small and
diffused quickly (Fig. 3B) (Gestaut et al., 2008; Grishchuk et al.,
2008b). Bigger oligomers, e.g., those containing ≥16 subunits,
bind the MT so strongly that their diffusion is negligible (Grishchuk,
2008b), suggesting that earlier work – which showed Dam1
diffusion – was carried out on small Dam1 oligomers not rings.
Apparently, the early EM evidence that MT-associated Dam1
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formed only rings was misleading. Perhaps the smaller oligomers
were washed off the MT wall by the negative stain and were too
disordered to appear distinct when using cryoEM.

Although this issue is still open to dispute, our interpretation of
current evidence is that, at saturating concentrations, Dam1 self-
associates to form helices around MTs but, at more physiological
Dam1:MT ratios, Dam1 forms curved oligomers that vary in size.
Small oligomers, probably even monomers, can become MT
associated, show 1-D diffusion and even track the shortening MT
ends. Ring-sized oligomers are, however, unlikely to diffuse
because they slow the rate of MT disassembly (Fig. 3C), and
several rings stacked together will even cause depolymerization to
pause until some of these complexes disassemble (Grishchuk et
al., 2008b).

Strikingly, both small oligomers and rings of Dam1 can couple
objects to MTs in ways that support motion with MT shortening.
Microbeads coated with Dam1 move processively with MT
shortening, and they do so freely enough not to slow MT
depolymerization (Asbury et al., 2006); in our hands they even
increase the rate at which MTs shorten relative to the
depolymerization rate of free MTs. However, these Dam1-coated
beads roll as they move, so they cannot be coupled by a sliding
ring, suggesting again a poor model for chromosome motion
(Grishchuk et al., 2008b). When Dam1 is bead-bound and in
solution, the beads do not roll and the speed at which MTs shorten
is lower, just as is the case for ring-sized Dam1 complexes without
beads attached (Fig. 3D). These beads are pulled by the MT with
a force approximately fivefold greater than that observed with the
biotin-avidin linkage (Fig. 3E), consistent with there being a ring
of Dam1 that surrounds the MT, allowing many PFs to push in
parallel (Grishchuk et al., 2008a).

Biased diffusion or something else?
The steady motion of ring-shaped Dam1 oligomers with shortening
MT ends, whereas similarly sized oligomers show negligible
diffusion on a stable MT wall, suggests that the ring moves because
of a diffusion-independent mechanism, prompting us to call this
kind of motion a ‘forced walk’ (supplementary material Movie 3)
(Efremov et al., 2007). This latter mechanism, which combines
tight binding and depolymerization-dependent motion, has many
advantageous properties for kinetochore-MT coupling: processive
motion, strong binding and thus a low probability of payload loss
during polymer shortening, and good control on MT dynamics
(supplementary material Movie 4). This might be particularly
important in cells, such as budding yeast, that have only one MT
associated with each kinetochore. Thus, Dam1 has caused much
excitement among students of mitosis.

For all these reasons it was disappointing to learn – by using
bioinformatics – that the subunits of the Dam1 complex are not
widely conserved: the relevant proteins have been found only in
fungi. Moreover, although these subunits are present in fission
yeast, they are not essential (as shown for Dam1 deficient S.
pombe cells) (Sanchez-Perez et al., 2005). There must, therefore,
be other kinds of couplers that can harness the energy available
from MT shortening to the motion of biological cargos.
Considerable attention has now been addressed to other kinetochore
proteins that are MT associating and more widely conserved – be
they motor enzymes or not.

In search of a universal chromosome–MT coupling
The most conserved of all MT-binding kinetochore proteins is the
Ndc80 complex, a fibrous hetero-tetramer that associates with the
MT wall at one end and proteins of the inner kinetochore at the
other (Ciferri et al., 2005; Wei et al., 2007). Microbeads coated
with nematode Ndc80 complex, oriented with its MT-binding end
protruding, can follow the end of a depolymerizing MT, albeit with
lesser processivity than Dam1-coated beads (McIntosh et al., 2008)
(Fig. 4A). Also, beads coated with either human or yeast Ndc80
will track shortening MTs (Powers et al., 2009), although it is not
yet known whether these beads roll as they move. The Ndc80
complex diffuses quite quickly on the MT surface (Fig. 4B), so
objects coupled to MTs by this molecule may, in principle, move
through biased diffusion (Powers et al., 2009). Alternatively, this
complex could provide fibrillar coupling to PF power strokes
(McIntosh et al., 2008), as discussed below. Ndc80 may be widely
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used for coupling mitotic kinetochores to spindle fibers, but the
details of its biophysics remain to be characterized.

Kinetochores contain many additional proteins, some of which
bind MTs, e.g. components of the KNL1-Mis12-complex–Ndc80-
complex (KMN) network (Cheeseman et al., 2006). We have tried
this complex as a coupler, both in toto and in parts, but none of
these mixtures has yet provided coupling as processive as Dam1
(Fig. 4C and supplementary material Table S1). The more recently
discovered Ska1 complex offers another option as it, too, is
kinetochore associated (Gaitanos et al., 2009; Hanisch et al., 2006)
and exhibits MT binding (Welburn et al., 2009). Ska1 can couple
beads to MTs and produce depolymerization-dependent movements
over a distance of several micrometers; it is better than Ndc80 but,
again, not as processive as Dam1. There is, however, no quantitative
assessment of just how processive a coupler must be to serve well
in anaphase. Certainly, some anaphase chromosomes move many
micrometers, but most kinetochores bind multiple MTs; cooperative
MT action might confer processivity, even when the attachment to
one polymer is limited.

Kinetochore-localized motor enzymes might contribute
additional kinetochore–MT coupling. Kinesin 8 from fission yeast
is a plus-end-directed, kinetochore-associated motor that can couple
beads to MTs; in the absence of ATP it delivers quite processive,
minus-end-directed motion in vitro (Grissom et al., 2009)
(supplementary material Table S1). Indirect evidence also implies
that CENP-E is capable of a mechanically analogous activity for
mammalian chromosomes (Lombillo et al., 1995a), so motor
enzymes working in an ATP-independent manner must also be

considered as potential couplers. Together, these studies pose the
question: what does the connection between a kinetochore and a
spindle MT really look like?

Structural studies of kinetochore–MT
interaction
Light microscopy does not, a priori, offer sufficient resolution to
reveal the molecular structure of a kinetochore–MT interface, but
recent work with fluorescently labeled kinetochore proteins has
provided insights into both their abundance (Joglekar et al., 2008)
and their order along the centromere-to-pole axis (Joglekar et al.,
2009; Schittenhelm et al., 2007; Wan et al., 2009). These studies
have defined important constraints on the molecular organization
of kinetochores but they have not yet told us which kinetochore
components hold onto MTs as they grow and shrink in mitosis.

Structural studies using conventional EM have long shown a
darkly staining outer kinetochore plate into which the plus ends
of MTs insert (Brinkley and Stubblefield, 1966). More recent
work with cells prepared by rapid freezing and freeze-substitution
fixation has confirmed that kinetochore-associated MTs end in a
fibrous network (Dong et al., 2007), however, the outer plate has
become less distinct as fixation methods have improved (McEwen
et al., 1998). In yeast (Grishchuk et al., 2007; O’Toole et al.,
1999) and nematode blastomeres (O’Toole et al., 2003) there is
no detectable outer plate; kinetochore-associated MTs simply end
near the chromatin in a web of fibrous material. Strikingly, almost
half of the PFs at the end of kinetochore-associated MTs show a
distinct shape: their curvature is intermediate between that found
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on PFs at the ends of shrinking and growing polymers of purified
tubulin (Fig. 5A).

Careful examination of such ends in a mammalian cell has
identified slender fibrils that connect bending PFs directly with the
underlying chromatin (McIntosh et al., 2008) (Fig. 5B). Individual
fibrils are at the limit of what can reliably be detected using
cellular EM, but we found about one to two such structures per PF
in mitotic mammalian cells. Fibrillar connections are also seen in
averaged images of many kinetochore MT ends, in which the PFs
have been aligned and then averaged (Fig. 5C). Because the fibrils
were not used for alignment, their presence in an average supports

their reality, slender as they are. Work now ongoing in our
laboratory has confirmed the existence of similar structures in the
alga Chlamydomonas, blastomeres of the nematode Caenorhabditis
elegans, and in both fission and budding yeasts. The
macromolecules that comprise these fibrils are not yet known, but
these structural results reinforce our interest in fibrous couplers.
The fibrils might include Ndc80, KNL1, long kinetochore-
associated motors or other, not-yet-recognized kinetochore proteins.
Identification and characterization of the molecules that comprise
these structures will go a long way towards clarifying how cells
couple mitotic cargos to MT depolymerization.

Models for fibril–MT coupling
Rings provide an intuitively straightforward mechanism for
coupling a load to MT depolymerization, but MT-binding fibrils
are initially less satisfying. One can imagine a mechanism on the
basis of weak MT binding, in which one end of a fibril diffuses
rapidly over the MT surface while the other retains a firm
attachment to its load. MT shortening might then bias the diffusion
of the MT-associated end (Powers et al., 2009). This mechanism
should work well for small loads, but it cannot maintain attachment
when the load is high; the result is either cargo loss or an inhibition
of MT depolymerization (Grishchuk et al., 2010). These behaviors
call into question the efficacy of weakly bound fibrils as
components at the heart of chromosome motion. An alternative is,
however, available in the PF power-stroke-dependent mechanism
mentioned above. If fibrils bind strongly both to their load and to
polymerized tubulin, then PF bending will pull on the fibrils and,
thus, on the load (Fig. 5D). If, in addition, the affinity of the fibril
for soluble tubulin is low, then the dissociation of a fibril-associated
tubulin dimer from the distal end of a bending PF will release that
fibril, allowing it to be recycled. This process would permit a
release of kinetochore-attached fibrils from fully bent PFs and
their subsequent engagement with those that are less bent or just
about to bend, providing a continuous pull on the load
(supplementary material Movie 5). Such a mechanism offers both
efficient and processive coupling, even with high loads and pausing
MTs (McIntosh et al., 2008). Our calculations show that processive
motion of a 40 pN load is readily achieved by this mechanism.
This load is within the range of the ~80 pN maximum defined by
the energy release of GTP hydrolysis, which sets an upper limit on
the work a depolymerizing MT can do. However, if binding
between fibril and PF is not strong enough, the PF may peel away
from its load and the motion would not be processive
(supplementary material Movie 6).

Chromosomal oscillations during prometaphase and metaphase
imply that one kinetochore can experience a higher force than its
sister and move towards the pole it faces. When this happens, the
sister kinetochore must permit tubulin addition so that associated
MTs can elongate and the spindle-fiber attachment can be retained
(Cassimeris et al., 1988). Thus, the kinetochore–MT coupling in its
broad sense must include mechanisms that allow a cargo to follow
an elongating MT as well as one that is shortening. A fibril-based
model to couple a large load to a growing MT end is not yet
available.

Bending tubulin protofilaments may be an
ancient mechanism for biological motility
The ability of tubulin PFs to transition from a straight conformation
in the MT wall to considerably curved (>20° per monomer in a
Ram’s horn) appears to have been around for a long time: ‘flared’
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ends are found on MTs in all groups of eukaryotes examined so
far. It is too early to say whether such ends are commonly involved
in the generation of force, but the properties of one well-studied
tubulin homolog suggest that force generation through bending
protofilaments is widespread and ancient. The FtsZ protein found
in most Eubacteria, some Archaea and in chloroplasts contributes
to cleavage in prokaryotic cells.

FtsZ is a GTP-binding member of the tubulin family that
assembles into linear, non-tubular filaments, both in vitro and in
vivo (Erickson and Stoffler, 1996; Li et al., 2007; Lutkenhaus,
1993). It is a homolog of eukaryotic tubulin (Desai and
Mitchison, 1998; Nogales et al., 1998) and essential for bacterial
cytokinesis, where it bundles to form the Z-ring that girds the
cell at its equator prior to and during cytokinesis. The Z-ring is
attached by associating proteins to the inner surface of the
plasma membrane. After bacterial chromosomes have separated,
the ring decreases in diameter as the plasma membrane pinches
in (Fig. 6A). An allele of FtsZ, engineered to have a membrane
anchor, has been purified and introduced into liposomes in vitro.
Over time, these rings constricted and indented the liposomes,
demonstrating that FtsZ is sufficient to induce membrane bending
(Osawa et al., 2008) (Fig. 6B,C). Polymers of FtsZ, as seen
using EM and atomic force microscopy, are clearly curved in
vitro (Erickson and Stoffler, 1996; Hamon et al., 2009) and in
vivo (Fig. 6D), and there are indications that their minimum
energy shape acquires greater curvature in association with the
hydrolysis of protein-bound GTP (Erickson, 2009). This idea is
somewhat confounded by the observation that FtsZ with reduced
GTPase activity can still support bacterial cell cleavage (Redick
et al., 2005), but it is clear that a change in the curvature of
linear FtsZ oligomers can generate force on membranes to which
they are attached (Osawa et al., 2009). Thus, a tubulin homolog
in bacteria is a morphogenetic motor that uses changes in
curvature to shape the plasma membrane in a manner dependent
on cell cycle stage.

The mechanical analogy between bending filaments of FtsZ and
bending PFs of tubulin is obvious. Both are linear assemblies of
tubulins, and each alters its curvature in response to a change in its

biochemical environment. Both sets of bending filaments are
coupled to a payload to do their job: the plasma membrane for
FtsZ, and the kinetochore for tubulin. The process of FtsZ coupling
to the membrane is quite well understood, but that of tubulin
coupling to the kinetochore is still under investigation. Nonetheless,
these two systems are mechanically similar (Fig. 6E), suggesting
that an ancestral protein also functioned as a bending engine used
for mechanical purposes by an ancient cell.

The ability of proteins to alter their shape in response to ligand
binding is certainly not unique to members of the tubulin family.
All motor enzymes use this trick as part of their mechanochemical
cycles, and many other enzymes display analogous conformational
changes. Members of the tubulin family are unique in their ability
to modify their shape while associated with other cellular
components. These changes empower dynamic tubulins to act on
big cellular objects, such as a chromosome or a cell membrane,
altering its position or shape. The ability to affect cellular structure
over long distances through local interactions and structural changes
is a hallmark of cytoskeletal polymers.

Perspective
Both FtsZ and dimeric tubulin can assemble into linear strands
whose minimum energy curvature is under cellular control. On the
one hand, tubulin curvature in MTs can be seen only at the end of
the polymer because PF bending is inhibited by interactions with
neighboring tubulins in the cylindrical MT wall. The tubular wall
is, on the other hand, useful for allowing a long-range connection
between the MT end that is fastened to its initiator and the other
end, which might be many micrometers away. The distal end,
behaving a little like the growth cone of an axon, can explore the
surrounding volume, probing for objects to which it binds (Kirschner
and Mitchison, 1986). If the binding includes an appropriate coupler,
subsequent tubulin depolymerization will allow PF bending to pull,
providing an effective motile system that can search, capture and
gather. The membrane-coupled fibers of FtsZ, however, can change
their curvature in response to an altered cellular environment,
affecting the shape of the membrane to which they are bound.
Given the mechanical and phylogenetic relatedness of these proteins
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across a wide evolutionary gap, the biological engines they make
up are probably among the oldest now available for study.

Both systems have clearly been modified as time has passed and
selection has acted. For example, the efficacy of motility based on
MT depolymerization has been enhanced by the addition of ATP-
dependent motors that drive depolymerization and other proteins,
such as mitotic motors and checkpoints that greatly increase mitotic
accuracy – factors of great biological significance. The regulation
of PF bending in today’s cells might be defined both by tubulin
depolymerases and MT tip-associated proteins. Nonetheless, the
root of mitosis as we know it is probably found in the bending PFs
that spindle MTs share with tubulin homologs in distantly related
organisms.
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