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Abstract One of the most extraordinary events in the
lifetime of a cell is the coordinated separation of sister
chromatids during cell division. This is truly the essence of
the entire mitotic process and the reason for the most
profound morphological changes in cytoskeleton and
nuclear organization that a cell may ever experience. It all
occurs within a very short time window known as “ana-
phase”, as if the cell had spent the rest of its existence
getting ready for this moment in an ultimate act of survival.
And there is a good reason for this: no space for mistakes.
Problems in the distribution of chromosomes during cell
division have been correlated with aneuploidy, a common
feature observed in cancers and several birth defects, and
the main cause of spontaneous abortion in humans. In this
paper, we critically review the mechanisms of anaphase
chromosome motion that resisted the scrutiny of more than
100 years of research, as part of a tribute to the pioneering
work of Miguel Mota.
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Introduction

When the English mountaineer George Mallory' was asked
why he wanted to climb Mount Everest, he replied simply
“because it is there”. This can be viewed as a sign of
admiration and respect for one of Nature’s most impressive
beauties and challenge for mankind. In this sense, anaphase
is the cell’s own Mount Everest, justifying the interest of
many generations of cell biologists in the mechanisms
behind chromosome movement. A kernel difference,
however, is that the latter remain to be conquered after
more than a century of research. Part of the problem
towards a universal theory for “the mitotic mechanism”
has been related to the fact that different organisms do it
differently, and a standing point of debate concerns the
mechanisms of force production behind anaphase chro-
mosome motion, which constitute the main subject and
purpose of this review.

Anaphase: historical note

The first representation of a cell in anaphase dates from
1871 when the Russian embryologist Alexander Kowa-
levski captured the moment of the formation of the first
micromeres in the worm Rhynchelmis [1, 2] (Fig. 1). At the
time, he believed to be seeing division-products of the
nucleolus. It was only after the work of Flemming that it
was realized that what was being observed represented the
longitudinal splitting of the chromosomes [3]. The term

! English mountaineer who took part in the first British expeditions to
Mount Everest in the early 1920s. In June 1924, Mallory disappeared
somewhere high on the North-East ridge during or after completing
the final stage of his attempt to make the first ascent of the world’s
highest mountain.
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Fig. 1 a First illustration of
anaphase during the division of
the first micromeres in the worm
Rhynchelmis by A. Kowalevski
(adapted from [2]).

b Contemporary view of
micromere formation in the
sand dollar embryo (courtesy of
George von Dassow, University
of Washington, WA, USA).

¢ Newt lung cell in anaphase as
viewed by fluorescence

microscopy (courtesy of Conly
Rieder, Wadsworth Center, NY,
USA). d Sequence of the
anaphase movement in a plant
cell as originally depicted by
Strasburger (adapted from [4]).
e Sequence of the anaphase
movement from a time-lapse
movie of a Drosophila S2 cell
stably expressing mCherry-
a-tubulin (red) and GFP-H2B-

Histone (green) (courtesy of
Sara Moutinho-Pereira, IBMC,
University of Porto, Portugal).
Note the simultaneity of
anaphase A and B

“anaphases” (from the Greek ana, meaning going back)
was introduced by Strasburger to account for “the phases
passed through [by the nucleus] from the complete sepa-
ration of the daughter-segments to the final establishment
of the daughter-nuclei” [4, 5]. As originally used by
Strasburger, “anaphases” included the modern “telo-
phase”, which was subsequently classified as a separate
stage [6]. Curiously, E.B. Wilson in his 1925 edition of
“The Cell in Development and Heredity”, still refers to
“anaphases” in the plural but with the connotation of
earlier and later events related to the longitudinal separa-
tion of sister chromatids [7]. The first clear demonstration
that the anaphase movement consists of separate processes
or steps was provided by Hans Ris [8, 9]. These steps, later
classified as “anaphase A” and “anaphase B” [10], cor-
respond, respectively, to the shortening of kinetochore
fibers (k-fibers) resulting in chromosome approximation to
the poles and to the elongation of the whole spindle
resulting in further separation of poles and daughter groups
of chromosomes. Importantly, Ris noted that in some
systems these two steps appear to be temporally distinct
events, while in others they may overlap (Fig. 1). There-
fore, the use of a temporal connotation for the different
“anaphases” may in some cases be inadequate.

Anaphase forces

Chromosome velocity during anaphase is so slow (it varies
from 0.2 to 5 pm/min) that it has been anecdotally com-
pared with the speed of continental drift or fingernail
growth. However, as noted by Nicklas, the main goal of
mitosis is the correct distribution of chromosomes to
daughter cells. Therefore, selection must favor precision
rather than speed [11]. It has been suggested that chro-
mosome velocity is slow in order to allow the decatenation
of entangled DNA strands on the sister chromatids through
the action of Topoisomerase II [12]. The recent discovery
of PICH, a protein that associates with persistent DNA
threads during anaphase, whose resolution is dependent on
the activity of Topoisomerase II, strongly supports this
view [13, 14]. The slow movement of chromosomes during
anaphase may also provide the necessary time to correct
and accurately segregate chromosomes with merotelic
attachments, i.e., chromosomes with individual kineto-
chores bound to microtubules from both poles [15, 16].
Because anaphase chromosome movement is slow and
chromosomes are relatively small, inertia and mass are
negligible [17], and the viscous resistance (drag) is the only
force that must be overcome. The force required to move a
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chromosome at typical anaphase velocities against viscous
resistance has been estimated to be approximately 0.1 pN
[18, 19]. On the other hand, the viscosity of the cytoplasm
is not rate limiting for chromosome poleward velocity,
since long ones seem to move just as fast as shorter ones
that should offer less resistance [18, 20]. In a landmark
study, Nicklas was able to measure the maximal force
generated by the spindle during anaphase A in grasshopper
spermatocytes, which he found to be around 700 pN, a
value that is several orders of magnitude greater than the
one previously estimated to be required for a chromosome
to move against viscous drag [21]. Therefore, the velocity
of chromosome movement to the poles must be governed
by something other than viscous resistance, which can
exert the measured amounts of force.

Anaphase A models

Amongst many rather ingenuous theories put forward until
the mid-1950s, which attempted to explain anaphase
chromosome movement by evoking currents, diffusion,
tactoids, oscillating bodies, colloidal phenomena, or elec-
trical and magnetic forces (reviewed by [22, 23]), the one
based on fibrillar contractility [24, 25], the classic “traction
fiber” model, appeared the most appealing. According to
this theory, chromosomes could approach the poles by
contraction of k-fibers anchored to the pole. However, the
main objections were the observations that k-fibers do not
increase in diameter between metaphase and telophase, as

an elastic fiber would, and the lack of polar deformation
due to anchoring. An alternative model based on “centro-
mere repulsion” was proposed by Watase [26] and he
found his most enthusiastic supporter in Darlington [27].
Yet this model was challenged because it could not explain
the partitioning of maternal from paternal chromosomes
during the monopolar division of primary spermatocytes in
Sciara flies [28, 29]. These observations together with
the fact that in some plant hybrids chromosomes move
asynchronously during mitosis [30, 31], provided the
foundations for the “chromosome autonomy theory”,
which argues that chromosomes are moved individually
and control their own movement. On the other hand, if
centromeres are not repelled and k-fibers do not contract,
their shortening during anaphase must be accompanied by
gradual disassembly, which could occur from their polar or
chromosomal ends.

It is now well established that the mitotic spindle is
composed of dynamic microtubules. However, the most
controversial issue has been whether changes in k-fiber
length by loss of microtubule subunits simultaneously
determine the velocity and provide the force for chro-
mosome movement [10, 32-34] or if the rate of change
in k-fiber length simply limits/governs the velocity of
chromosome movement caused by a mechanically sepa-
rate force producer [35, 36]. We will next detail and
expand on current models of force production during
anaphase A, which represent variations from the two
main lines of thought that have just been depicted
(Fig. 2).

t

kinesin-13 dynein
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<= kinesin
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Fig. 2 Schematic representation of anaphase models. a Traction-fiber
model where active microtubule depolymerization of k-fibers by
kinesin-13 proteins occurs at the minus ends. b Kinetochore dynein
model where dynein ATPase activity drives anaphase A; dynein at the
poles and cortex provides a pulling force that prevents spindle
collapse and may drive anaphase B. ¢ Conformational wave model
where the bending of protofilaments at microtubule plus ends coupled
with kinetochore fibrils drives anaphase A independently of ATP
hydrolysis. d Kinetochore pac-man model where active microtubule

plus end depolymerization by kinesin-13 proteins occurs at kineto-
chores. e Spindle matrix model where immobilized kinesin motors
exert a poleward force on k-fibers. f Actin/myosin model (blue lines)
where actin is a structural component of k-fibers which contracts by
the action of myosin. g Coupled sliding model where motors of the
kinesin family slide interpolar microtubules leading to spindle
elongation and whose poleward force is transmitted along k-fibers
by microtubule cross-linking molecules. Combinations between
different models are possible
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Force generation by microtubule depolymerization
at minus-ends

In 1949, Ostergren postulated that spindle fibers were
composed of “aggregates” in a dynamic equilibrium with
their subunit molecules, and that subtraction or addition of
subunits results in shortening or lengthening of spindle
fibers thus moving chromosomes [37]. Bungo Wada
working with living Tradescantia stamen hair cells pro-
posed that “the disintegration of each fiber from its distal
end to the kinetochore [...] takes place in the spindle poles,
and the traction fibers are drawn continuously into the
spindle poles [...] and bring their kinetochore to the spindle
poles” [38]. In Haemanthus endosperm, granules in front
of a kinetochore at the start of anaphase move at the same
speed of chromosomes in anaphase, and the distance
between granules and kinetochores does not change for a
considerable period, supporting the theory that k-fibers
shorten essentially from their pole-associated end [39].
These ideas were substantiated by the seminal works of
Shinya Inoue with the polarization microscope [10, 32, 33],
who proposed that the poleward chromosome movement of
anaphase is governed by the energy derived from the
microtubule disassembly reaction. In agreement, Dietz
proposed the “stable-state equilibrium” model based on
continuous formation of k-fibers at kinetochores which are
continuously disorganized at the spindle pole, predicting a
permanent flux of microtubule subunits from the equatorial
plate towards the poles [34]. After anaphase onset, poly-
merization at the kinetochore stops and depolymerization
takes place predominantly at the poles pulling the kineto-
chore polewards [10]. This constitutes the modern vision of
a traction fiber model.

Although the transport properties of the spindle as a
possible mechanism for chromosome movement have been
known since Schaede, who refers to a “streaming of
spindle substance toward the poles” [40], it was only after
the works of Inoue and Forer that it was demonstrated that
kinetochore microtubules are dynamic structures. They
used U.V. microbeam irradiation of k-fibers to create areas
of reduced birefringence, which move poleward at
approximately the same rates of anaphase chromosomes
[41-43]. Subsequently, Hamaguchi and collaborators
reported a poleward movement of spindle microtubules by
tracking bleached marks in sand dollar egg spindles
injected with fluorescently labeled tubulin [44]. However,
from this study, it was not clear whether the bleached
marks corresponded to kinetochore microtubules. A similar
phenomenon was observed on kinetochore microtubules in
photobleaching studies by Gorbsky and Borisy [45], as
well as photoactivation of a fluorescent tubulin derivative
by Mitchison [46]. These experiments extended a previous
work aimed at determining the sites of microtubule

assembly and disassembly in the mitotic spindle, including
k-fibers [47], and provided definitive proof for the exis-
tence of a “polewards microtubule flux”. Importantly,
“flux” was subsequently shown to require ATP hydrolysis
but was insensitive to vanadate (which at micromolar
concentrations inhibits dynein but not kinesin ATPase
activity in vitro), suggesting the involvement of motors of
the kinesin family [48]. As we know more about “flux”, we
begin to realize that this process may actually involve two
independent components: the active depolymerization of
spindle microtubules at their minus ends, which may occur
in the absence of any detectable poleward sliding of
microtubules [49, 50] and the poleward sliding of micro-
tubules, including k-fibers, which may occur in the absence
of any detectable depolymerization at their minus ends
[51-53]. Several works in many organisms and cell types
have shown that, with few known exceptions, the velocity
at which microtubules depolymerize at their minus ends is
equal to or slower than that of chromosome movement to
the poles [54]. Therefore, in some cases, microtubule
minus end depolymerization may account for the entire
shortening of k-fibers during anaphase A, whereas in other
cases this would be insufficient, revealing the existence of
alternative, possibly cooperative, mechanisms. The classic
examples of the former include plants [55] and insect
spermatocytes where microtubule minus-end depolymer-
ization is even faster than chromosome motion to the poles
[56]. Drosophila embryos, S2 cells, Xenopus oocyte extract
spindles, newt lung cells, mouse, pig, and human cells are
all examples of the latter [49, 50, 57-65]. Indeed, in these
systems, microtubule minus end depolymerization is turned
off or significantly attenuated during anaphase [54, 65, 66].
A possible explanation can be brought up by evoking
anaphase B. Brust-Mascher and colleagues [58, 67] pro-
posed a model for anaphase B in which the velocity of
spindle elongation is governed by the extent that microtu-
bule minus end depolymerization is suppressed. As pointed
out before, anaphase B in many systems cannot be tem-
porally distinguished from anaphase A, which means that
spindle elongation in those systems occurs within the very
first instant upon the onset of anaphase. In agreement, plant
or insect spermatocyte spindles, which maintain high
depolymerization activity at microtubule minus ends,
elongate little [9, 68]. Finally, if microtubule minus end
depolymerization generates a force capable of moving
chromosomes, it implies that k-fibers must be anchored at
the poles (and these anchored to the cell cortex) or along
the length of the fiber, otherwise spindles would be
predicted to collapse.

The microtubule depolymerizing activity at the poles has
been attributed to the kinesin-13 protein Kif2a in Xenopus
and mammals, and to Klp10A in Drosophila [51, 61, 62,
69, 70]. However, the fact that newly created kinetochore
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microtubule minus ends by laser microsurgery are stable,
but are still able to slide poleward at flux rates in metaphase
[52, 65], suggests that the microtubule depolymerizing
activity at the poles might be a cellular response to regulate
spindle length and not necessarily the flux-driving force.
Indeed, recent studies showed that spindle lengthening as
result of mechanical compression in mitotic Ptkl cells is
associated with the downregulation of microtubule minus
end depolymerization, without affecting poleward micro-
tubule sliding [53]. Taken together, these results suggest
that microtubule depolymerization at the poles acts as a
governor that limits and regulates spindle length in response
to external force producers that slide microtubules poleward
[65], similar to what has been proposed for spindle elon-
gation during anaphase B [67]. According to this model, one
would predict that inhibition of Klp10A or Kif2a attenuates
“flux” even if the force sliding microtubules poleward is
still present, consistent with what has been experimentally
observed [61, 64, 65, 70].

Force generation by kinetochore motors

Kuwada and Belar [71, 72] introduced the kinetochores as
important agents in the mechanics of chromosome move-
ment. However, it was only after the classic experiments of
Carlson with acentric chromosome fragments in grass-
hopper neuroblasts [73], together with the observation that
kinetochores often lead the way during anaphase, that it
became established that the active element of the chro-
mosome responsible for anaphase movement is the
kinetochore. The key question was how? In 1936, Eleanor
Carothers remarked that spindle fibers “apparently, are
reincorporated into the anaphase chromosomes as they
move towards the poles” and proposed that “chromatids
move apart through some inner mechanism and that the
[spindle fibers] act more as guides than as traction fibers”
[74]. These ideas were firmly structured into a new
hypothesis of the anaphase movement by Miguel Mota in
1956 on the occasion of the International Genetics Sym-
posia in Japan [75]. Accordingly, Mota proposed that “the
chromosome has in itself the energy for the anaphase
movement and that the centromere [i.e. the kinetochore] is
not only the point through which the chromosome is moved
but also its own engine”. In a rather unorthodox analogy,
Mota compared the action of the kinetochore to that of a jet
engine, which generates a poleward reaction that pushes
the chromosome during anaphase, while releasing a non-
birefringent “substance” that results from the transforma-
tion of the spindle material (Fig. 3). At that time, this
possible “jet effect” was even thought to account for the
still unexplained deformation of the spindle at the equator
observed at the onset of anaphase I in time lapse movies
of grasshopper spermatocytes [9]. With the inherited

Fig. 3 Hans Ris (right) chairs the session where Miguel Mota (left)
presented his view of the kinetochore as an “engine” in the
International Genetics Symposia held in Japan in 1956. Mota used
to fly his own Piper Cub from Lisbon to Porto to use the Electron
Microscope. His passion for aeroplanes evidently had a strong
influence in the conceptualization of his anaphase hypothesis

limitations of what was known by then about the properties
of the spindle material, it is truly remarkable that this new
anaphase hypothesis was formulated 9 years before the
discovery of the first microtubule motor [76], and more
than 30 years before the identification of microtubule
motors at kinetochores [77, 78]. This vision of anaphase
can thus be considered the first premonition of the mech-
anism later baptized as “pac-man” [79] in analogy to the
Arcade videogame of the same name.

The direct demonstration of kinetochores as active ele-
ments in the anaphase movement came only 30 years after
Mota’s original hypothesis. First, it was observed that cells
microinjected with biotin-labeled tubulin in late metaphase
and fixed at various times showed no label proximal to the
kinetochores by mid-anaphase, suggesting that tubulin
dissociates from kinetochores (the released “substance” of
Mota) as they move poleward [47]. An explanation
advanced was that a kinetochore “motor” could be turned
on in anaphase but is inactive or less active in metaphase.
Subsequently, through photobleaching studies on spindle
microtubules, Gorbsky and collaborators [66, 80] showed
that chromosomes move to and through a persistent bleach
mark, with little change of position of the mark relative to
the poles. In a different set of experiments, Nicklas cut
microtubules across the middle of the spindle between
chromosomes and the pole, and upon anaphase onset in
partially lysed preparations of grasshopper spermatocytes,
chromosomes moved to the ends of microtubules at the
edge of the cut [81, 82]. Overall, this work provided
compelling evidence that at least some force producers for
chromosome movement to the poles during anaphase were
located within or near the kinetochore attachment site.
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Kinetochore dynein

The microtubule minus end-directed motor dynein is
enriched at the fibrous corona of unattached kinetochores
[77, 78, 83], representing an obvious candidate for a
kinetochore motor that could drive chromosomes towards
the poles. Experimental evidence in support of this view,
however, came many years before dynein was localized to
kinetochores, but the results were often contradictory. In
lysed Ptkl cells, chromosome motion could be stopped by
KCI extraction and re-initiated after the addition of a fla-
gellar dynein-containing extract [84]. Addition of antisera
against fragment A of flagellar dynein to isolated mitotic
apparatuses completely blocked both chromosome-to-pole
movement and spindle elongation in an ATP-dependent
manner [85]. However, in this case, it seemed that the cell
did not even enter anaphase, which can now be interpreted
in the light of the role of kinetochore dynein in the inac-
tivation of the spindle-assembly checkpoint (SAC) [86] and
not necessarily due to a direct requirement for chromosome
motion. The addition of vanadate into lysed mitotic cells in
the presence of EGTA to buffer the concentration of free
Ca“, caused only an impact on anaphase B [87, 88], which
was subsequently confirmed after inhibition of dynein
ATPase activity with erythro-9-[3-(2-hydroxynonyl)] ade-
nine [89]. Curiously, millimolar concentrations of vanadate
or anti-dynein antibody injections did not affect anaphase
movements in unlysed Ptkl cells [90, 91].

Subsequent genetic analysis in budding and fission yeast
further revealed that spindle dynamics and chromosome
movement in these systems do not require dynein function
[92-95]. On the other hand, injection of dynein antibodies
or overexpression of human p50 dynamitin in Drosophila
syncytial embryos was reported to affect chromosome
movement by impairing both anaphase A and B [96, 97].
However, from these studies and due to the rapid syncytial
divisions, it was not clear whether the observed effects on
anaphase A were truly due to a requirement for kinetochore
dynein in chromosome movement or to an indirect effect
caused by “forced” mitotic exit. Additionally, the contri-
bution of dynein motor activity at the cell cortex or at the
poles could not be ruled out. Indeed, hypomorphic dynein
mutant neuroblasts in Drosophila are known to accumulate
in prometaphase/metaphase with a high frequency of
spindle defects, and p50 dynamitin has been identified in
the cell cortex of syncytial embryos [98]. In another study,
Savoian and colleagues [99, 100] used zwl0 and rod
Drosophila mutant spermatocytes to specifically perturb
dynein localization at kinetochores, and showed that ana-
phase chromosome motion to the poles was severely
affected in those mutants. However, some potential caveats
with this experimental approach are related to the fact that
zw10/rod are also required to recruit the SAC protein Mad2

to unattached kinetochores, thereby compromising SAC
function [101-103]. Kinetochore dynein is also involved in
the initial MT capture at the entry of mitosis, which could
indirectly compromise chromosome motility if anaphase is
triggered with normal kinetics [100]. Subsequent work in
Ptkl cells overexpressing pS0 dynamitin reported a 30%
reduction in chromosome-to-pole velocity after abrogation
of the SAC [86]. More recently, Yang and colleagues [104]
selectively decreased the kinetochore pool of dynein by
knocking down ZW10 in human U20S cells. The authors
reported a 40% reduction in chromosome-to-pole velocity
during anaphase, suggesting that kinetochore dynein is
important in powering chromosome motion. It is somewhat
surprising that the observed reduction only corresponds to
about half the reported “pac-man” activity in U20S cells
[61], suggesting that other mechanisms or factors are
involved. Moreover, it remains to be elucidated whether
the observed reduction is a direct result of lack of dynein
processive motion along k-fiber microtubules, or whether it
is due to defective/unstable microtubule attachments, pos-
sibly associated with a defective SAC [103-105]. The
recent discovery of spindly, a protein that targets dynein to
kinetochores in Drosophila, C. elegans, and humans, but
which does not impair the recruitment of Mad2 to kineto-
chores [106-108], may prove to be an important tool for
the clarification of the above-mentioned issues.

In a very interesting study by Vorozhko and colleagues
[109], injection of Ndc80 antibodies into mitotic Xenopus
S3 cells prevented microtubule end-on attachments, did not
affect the recruitment of dynein/dynactin to kinetochores,
and chromosomes were still able to undergo rapid dynein-
mediated poleward movements typical of initial capture of
microtubules during prometaphase, but at anaphase onset
chromosomes did not move poleward. Noteworthy, at this
stage, not even the fast dynein-mediated poleward move-
ments were observed, suggesting that kinetochore dynein
motor activity is switched off at the beginning of anaphase.
These results support that microtubule end-on attachment,
rather than dynein motor activity at kinetochores, is
essential for chromosome movement to the poles. It should
be emphasized that dynein levels at kinetochores become
reduced as microtubules attach and are barely detectable as
cells enter anaphase [98, 110]. Recently, it was shown that
phosphorylation of Threonine 89 on dynein intermediate
chain directs binding to ZWI10 and that microtubule
attachment induces dynein dephosphorylation to undetect-
able levels after metaphase chromosome alignment [111].
Still, dynein could be attached to the kinetochore in very
low numbers and contribute significantly to poleward force
production. Nicklas calculated that hydrolysis of about
20 ATP molecules is enough to move one chromo-
some against viscous drag, with a net power output of
3 x 1072 ATP units/s/chromosome [18, 112]. For a single
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dynein molecule in flagella, the total power expended is
~20 ATP units/s [113, 114]. In a system working at 20%
efficiency, the hydrolysis of 4 ATP units/s/dynein molecule
is a reasonable estimate, which means that, in theory, a
single (flagellar) dynein motor produces a net power output
that is 100x greater than the one required to move a
chromosome. However, this argument loses weight by the
fact that knocking-down ~85% of ZW10, which should
reduce but not fully deplete kinetochore dynein, causes a
significant reduction of chromosome movement to the
poles [104]. Taken together, these results indicate that, if
directly involved, dynein motor activity at kinetochores
plays a minor role in powering anaphase chromosome
motion.

Force generation by microtubule depolymerization
from plus ends

That microtubule depolymerization induced by colchicine,
cold, or high pressure in living cells can generate a force
that is sufficient to move chromosomes has been known
since the works of Inoue, Salmon, and colleagues [10, 43,
115-117]. These works have also shown that the faster the
depolymerization of microtubules, the faster the poleward
movement of chromosomes, which means that microtubule
depolymerization either directly provides the motile force
or acts as a rate-limiting step that defines the speed of
chromosome-to-pole motion. However, it was not known
where the actual depolymerization of the microtubule was
occurring, with the dynamic equilibrium model favoring
depolymerization at the microtubule minus ends [10]. In
1988, Koshland and colleagues showed that microtubule
shortening was able to move chromosomes in vitro by
tubulin dissociation from the kinetochore [118]. Impor-
tantly, the rate of microtubule depolymerization following
dilution of tubulin was the same in the absence of ATP,
suggesting that the poleward force at the kinetochore may
be generated by some form of energy stored in the
microtubule lattice [119], such as that provided by a con-
formational change associated with GTP-hydrolysis and/or
curling of protofilaments [118]. This became known as the
“conformational-wave” model. Similarly, microtubule
depolymerization induced by a constant stream of buffer
that lacked tubulin, ATP, and GTP was found to move
chromosomes in vitro, with one or more depolymerizing
microtubule producing a force that was at least 1 pN [120].
This is significantly less than the maximum force a spindle
can produce during anaphase A, but more than sufficient to
move a chromosome in a viscous cytoplasm at the
observed velocities [121]. Curiously, the maximum force
produced by a single depolymerizing microtubule has
been estimated to be approximately 40 pN [122], which is
essentially the same maximum force estimated per

kinetochore microtubule from real measurements in
grasshopper spindles [121]. It should be noted that the
velocity of chromosome movement by depolymerizing
microtubules (~ 16 pm/min; [120]) is significantly faster
than normal anaphase chromosome movement and some-
what slower than the observed rates of free microtubule
plus end depolymerization in vitro [123], in Xenopus
extract spindles [124] and of an entire k-fiber in living
Drosophila culture cells [52] (Fig. 4). This suggests that
kinetochores on chromosomes are resistive couplers
against microtubule depolymerization in vivo (Fig. 4).
Indeed, subsequent in vitro studies have shown that the
velocity of microtubule depolymerization-coupled move-
ment when chromosomes are attached is about fivefold
slower than the rate of shortening for microtubules free in
solution ([125]; see also [126]).

In a search for potential coupling molecules at the
kinetochore, it was found that the kinesin-7 motor CENP-E,
but not dynein or MCAK, was required for microtubule
depolymerization-dependent motion of chromosomes (but
not attachment!) in vitro [127]. Importantly, this was found
to be independent of the ATPase activity of CENP-E.
Recently, it was shown that a motor-independent function
of CENP-E is to promote kinetochore microtubule turn-
over, which may potentiate depolymerizing microtubules
to do work on chromosomes [128]. Another important
candidate found in budding yeast was the Dam1 complex,
which can form rings around microtubules in vitro [129].
However, while such rings may efficiently couple micro-
tubule depolymerization to chromosome movement in a
system where kinetochores bind only to a single microtu-
bule [130, 131], they are not essential in fission yeast [132],
and orthologues have never been found outside fungi.
Additionally, it was subsequently shown that ring forma-
tion is not required for microtubule depolymerization-
driven motion of the Dam1 complex [133, 134].

Another question that remains to be addressed is how
the energy stored within the microtubule lattice could be
converted into sufficient mechanical work to move a
chromosome poleward during anaphase. In 2005, McIntosh
and co-workers provided theoretical and experimental
evidence in support of the conformational-wave model
[135, 136]. By conjugating streptavidin-coated glass
microbeads to biotinylated microtubules, they observed
that, upon depolymerization, microtubules exert a brief pull
on the beads before being released. This was interpreted as
if the force exerted on the beads was generated by the
bending of protofilaments as microtubules depolymerize,
and the authors were successful in measuring the resulting
forces. Accordingly, it was determined that the maximal
force generated was ~46 pN, which might correspond to
the bending of 1 or 2 protofilaments. This is about 10 times
the force developed by kinesin molecules [137], and it is



2258

H. Maiato, M. Lince-Faria

Fig. 4 a Laser-mediated
severing of a k-fiber in a
Drosophila S2 cell stably
expressing GFP-a-tubulin
during metaphase. Note the fast
depolymerization of the pole-
proximal fragment and that the
chromosome which remains
attached to the severed k-fiber
maintains its equatorial position
(adapted from [52]). b Laser-
mediated severing of the
centromeric region in a
Drosophila S2 cell stably
expressing CID-GFP during
metaphase. Note the slow
poleward migration of each
daughter kinetochore after
surgery. Scale bar (a,b) 5 pm.
¢ 3D-electron microscope
reconstruction of a severed
k-fiber from crane flies after
irradiation with a UV
microbeam (adapted from
[177]). Non-kinetochore
microtubules in the vicinity of

* =

- -
-« ~20 um/min

the resulting k-fiber stub were
pseudocolored in yellow.

d Single slice from a
tomographic reconstruction of a
Ptk1 kinetochore showing both
end-on and lateral MT binding
(courtesy from Yimin Dong and
Bruce McEwen, Wadsworth
Center, NY, USA). Scale bar
100 nm. d’ 3D surface
rendering of the 3D volume of
the same kinetochore

expected that at kinetochores, with a proper coupler, all
protofilaments would act in concert, increasing the force
generated by a depolymerizing microtubule to at least
30-65 pN [136]. In agreement, the force produced by this
system was shown to be dependent on the curvature of
protofilaments [138]. Finally, it has also been suggested

that electrostatic interactions between kinetochores and
the depolymerizing microtubule plus ends could provide
additional force for chromosome translocation during
anaphase A [139].

The fact that microtubule depolymerization from kine-
tochores can generate a force that is sufficient to drive
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chromosome motion in vitro does not mean that it does so
in vivo. Early works on nocodazole-induced microtubule
depolymerization during prometaphase/metaphase in ver-
tebrate cells have demonstrated that tubulin loss occurred
at kinetochores, leading to chromosome approximation to
the poles [140, 141]. Moreover, it has been demonstrated
that, like depolymerizing microtubules in vitro, kineto-
chore microtubule plus ends in yeast, worms, Drosophila,
and vertebrate somatic cells have bent protofilaments
[142—-146]. Definitive work by Grishchuk and McIntosh
[94] showed that deletion of all the three minus end-
directed motors found in the fission yeast genome did not
abolish the poleward movement of chromosomes during
anaphase. Because fission yeast lacks any detectable flux
and associated depolymerization at the microtubule minus
ends during anaphase [147], the most plausible explanation
for these results is that anaphase A in this system is driven
by depolymerization at microtubule plus ends. What about
the structural and molecular nature of the coupler at
kinetochores? For the skeptics about rings and collars at
kinetochores, McIntosh and colleagues [148] used electron
tomography to show that kinetochore fibrils of about 50 nm
are connected to curved protofilaments at microtubule plus
ends, defining a structural entity at kinetochores that could
effectively work as a coupler for chromosome motion by
microtubule plus end depolymerization. By measuring the
curvature of bending protofilaments associated with kine-
tochore fibrils, they estimated that each depolymerizing
microtubule could produce a force of ~40 pN, in agree-
ment with previous estimations [122]. They further showed
that, in some successful cases, glass beads coated with
reconstituted Ndc80 complex, a 57-nm-long component of
the core attachment site at kinetochores [149], could couple
microtubule depolymerization to movement towards the
minus ends. This data suggest that the Ndc80 complex may
correspond to the kinetochore fibrils observed by electron
tomography, but also that additional factors may be
involved in microtubule depolymerization-coupled move-
ment [150]. The use of “bonsai” forms of the Ndc80
complex that retain microtubule binding capacity but are
only 15 nm long [151] should prove useful in determining
the molecular nature of the kinetochore fibrils.

It has been noted that birefringence of k-fibers increases
at anaphase onset [152], which, together with a firmer
attachment of chromosomes to k-fibers during anaphase
[45, 153], suggests increased microtubule stabilization. At
the entry of anaphase, CDK1 activity drops abruptly, which
is known to promote microtubule stabilization in vitro and
in vivo [154, 155], whereas prevention of CDKI1 inacti-
vation by expression of non-degradable cyclin B caused a
20% reduction in the velocity of anaphase A in Xenopus
egg extracts [156]. Moreover, in some systems, like insect
spermatocytes, kinetochore microtubules polymerize rather

then depolymerize at their plus ends during anaphase [56,
157]. Curiously, a similar phenomenon has been reported
in Ptkl cells injected with tubulin but only during early
anaphase, without affecting normal chromosome-to-pole
velocity [158]. All these observations suggest that, at
least for some systems, an active mechanism counteracts
kinetochore microtubule stabilization/polymerization at
anaphase onset leading to their disassembly from plus ends.

Force generation by microtubule depolymerases
at kinetochores

It has been difficult to determine whether anaphase A
requires ATP. In this regard, the work of Spurck and
Pickett-Heaps may have shed light on the problem [119].
By using permeabilized Ptkl and newt lung cells, these
authors noted that anaphase A could be resumed either by
the addition of ATP or by treatments that promote micro-
tubule disassembly, such as cold or calcium. These
observations suggest that ATP is required for kinetochore
microtubule disassembly but not to power a processive
kinetochore motor. Three broad protein families with
ATPase activity have been shown to promote microtubule
disassembly in vitro and/or in vivo: kinesin-8, kinesin-13,
and class I AAA ATPases [159, 160]. Kinesin-8 proteins
additionally show plus end-directed movement in micro-
tubule-based motility assays, localize to kinetochores in
several systems, and have been found to couple microtu-
bule depolymerization to the movement of plastic beads
[161]. However, they appear to be dispensable for anaphase
A in fission yeast [162]. Curiously, chromosomes in
Drosophila kinesin-8 mutants showed reduced poleward
velocities during anaphase in male meiosis I [163].
Because RNAi-mediated depletion of kinesin-8 proteins in
living Drosophila and human somatic cells accelerates
chromosome movement during anaphase A [64, 164], the
observations in Drosophila primary spermatocytes may be
explained by the presence of merotelic attachments.
Kinesin-13 proteins, such as KLP10A and KLP59C in
Drosophila, have been localized to inner kinetochores and
inner centromeres, respectively [70]. Specifically, KLP59C
has been proposed to actively depolymerize microtubules
at kinetochores in Drosophila embryos, as antibody injec-
tions completely block kinetochore pac-man activity and
reduce chromosome-to-pole motion by 60% in this system
[70]. However, KLP59C depletion by RNAi in Drosophila
culture cells does not affect anaphase A [64, 165]. Indeed,
KLP59C location to inner centromeres does not permit
access to most microtubule plus ends that terminate at the
kinetochore outer plate in Drosophila somatic cells [145].
The specific requirement of KLP59C in Drosophila
embryos may result from an adaptation to a rapid mitosis
where KLP59C could depolymerize microtubules which
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are “fed” and made accessible by kinetochore dynein
[97, 166]. In this regard, the third Drosophila kinesin-13,
KLP59D, localizes to kinetochores and was recently shown
to promote kinetochore microtubule plus end depolymer-
ization [167]. Among the kinesin-13 proteins in human
cells, only Kif2b and MCAK (Kif2c) localize to centro-
meres/kinetochores [69, 168, 169], but MCAK is not
required for anaphase A [61]. Interestingly, chromosome
velocities in monopolar spindles that form after Kif2b
RNAI are severely reduced [168]. Spindle bipolarity after
Kif2b RNAi can be restored by simultaneous knock-down
of MCAK, with chromosomes moving towards the poles in
anaphase at ~0.6 pm/min, which represents a two-thirds
reduction in their normal velocity (Duane Compton, per-
sonal communication). This observation is intriguing as
Kif2b is no longer detectable at kinetochores during ana-
phase, possibly due to its low abundance [168]. Finally, it
has been reported that Katanin, an AAA ATPase that
severs microtubules, is also important for the pac-man
activity at kinetochores in Drosophila S2 cells [170].
Depletion of this protein reduces chromosome-to-pole
movement by 50%, but it is believed that Katanin does not
directly depolymerize microtubule plus ends and might
work in concert with some kinesin-13 proteins at kineto-
chores. We conclude that some kinetochore proteins of the
kinesin-13 family may directly promote the active depo-
lymerization of microtubule plus ends during anaphase.

Force generation by non-microtubule elements

One intriguing aspect related to the velocity of poleward
chromosome movement during anaphase is the apparent
independency from the number of microtubules attached to
kinetochores [116, 171-173], which can be interpreted as if
kinetochore microtubules or kinetochores themselves are
not force-generating elements. This idea has been vigor-
ously defended over the last 40 years by Forer, Pickett-
Heaps and colleagues, who believe that, at least for some
cell types, the force for chromosome-to-pole movement is
generated by non-microtubule elements in the spindle. Two
main ideas have been proposed for the nature of this force-
generating element: a sliding mechanism based on actin
and myosin similar to the one responsible for muscle
contraction [174], or the action of motors anchored to a
spindle matrix [175, 176]. In both models, the force is
transmitted along the length of the k-fibers, which might
act as “governors” to limit the velocity of poleward
movement.

Actin/myosin

There is no shortage of literature reporting the presence of
actin and myosin forms in the mitotic spindle in a wide

variety of cell types and organisms, including humans
(summarized in [177]). The question is whether their
presence reflects any functional role in force generation
during chromosome movement to the poles. Crane fly
spermatocytes treated before or during anaphase with high
doses of cytochalasin D and latrunculin B, two drugs that
disrupt actin filaments and/or inhibit actin polymerization,
caused chromosome movement to stop or slow down [178].
The washout of the drugs usually reverted normal chro-
mosome movement. In a subsequent study, somewhat
contradicting findings were reported in the same system
where addition of latrunculin B before anaphase did not
cause an effect on chromosome movement during anaphase
[179]. Under these experimental conditions, inhibition of
myosin with two different drugs, 2,3-butanedione 2-mon-
oxime (BDM), an inhibitor of myosin ATPase activity, and
Y-27632, an inhibitor of Rho kinase which phosphorylates
Myosin II, but not the addition of cytochalasin D, blocked
chromosome movement. These observations led the
authors to propose that crane fly spermatocytes have
redundant mechanisms for anaphase chromosome move-
ments and that myosin might work on actin filaments, or
interact with kinetochore microtubules, either directly or
through an intermediate component. It should be noted,
however, that treatment of crane fly spermatocytes at
anaphase onset with cytochalasins at 10-fold lower con-
centrations inhibit cytokinesis with no apparent effect on
chromosome velocity [180]. Increasing cytochalasins to
concentrations exceeding those needed to inhibit cytoki-
nesis in this or other systems caused alterations in
kinetochore structure and lagging chromosomes during
anaphase [180, 181]. Nevertheless, in a different set of
studies, treatment of crane fly spermatocytes with calyculin
A, which hyperactivates myosin, was shown to accelerate
poleward chromosome movement [182]. Finally, microin-
jection of phalloidin, a fungal toxin that prevents actin
depolymerization, into Haemanthus endosperm slows
down anaphase chromosome movement by 50% [183].
As usual in science, and typically in the mitosis field,
several works on different model systems have led to
opposite conclusions to what concerns the involvement of
actin/myosin in force production for chromosome move-
ment. First, anti-myosin sera had little or no effect on
chromosome motion in isolated mitotic apparatus from
equinoderms [85], or when microinjected into living eggs
[184], while inhibiting cytokinesis in the latter case.
Quantitatively, neither k-fiber shortening nor spindle
elongation were affected by doses of antibody up to
eightfold higher than those required to inhibit cytokinesis
in injected cells [185]. Similarly, inhibition of actin/myosin
by several means, including treatments with phalloidin and
cytochalasins, did not have an effect on anaphase chro-
mosome movements, while inhibiting cytokinesis in lysed
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or unlysed Ptkl cells [186, 187]. Finally, treatment of
living LLC-PK1 cells stably expressing GFP-o-tubulin
with 20 pM cytochalasin D, the same concentration shown
to inhibit chromosome motion in insect spermatocytes
[178, 188], was sufficient to inhibit cytokinesis but had no
significant effect on k-fiber shortening or spindle elonga-
tion when added right after anaphase onset (Fig. 5).
Overall, these data pose strong challenges for a role of
actin/myosin in the anaphase movement, but exceptions
such as some insect spermatocytes and eventually in plants
might exist in nature.

The spindle matrix

Several candidates have been proposed to form a non-
microtubular spindle matrix but evidence for a direct role
in anaphase remains controversial [189]. In Drosophila, a
widely conserved protein, Megator, has been recently
implicated in anaphase chromosome movement [190],
through a specific role in spindle elongation. Surprisingly,
this protein and its human counterpart Tpr were shown to
be required for an efficient SAC response, and their
depletion accelerated anaphase entry [190, 191]. Curiously,
the observed defects in spindle elongation were signifi-
cantly rescued by increasing the duration of mitosis prior to
anaphase onset, suggesting that they were due to the
formation of an immature spindle [190], but further
experiments are necessary to completely rule out any direct
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involvement of a “spindle matrix” in the force-production
system that drives anaphase movements.

Force generated by microtubule sliding

A “pump hypothesis” for chromosome movement during
anaphase A has been envisioned, in which k-fibers
anchored along their length to other spindle microtubules
slide poleward like other cellular bodies not attached to the
spindle [192]. Experimental evidence for this hypothesis
came from experiments with UV microbeam irradiation of
k-fibers by Forer, who showed that less than half of the
k-fiber (not anchored at the pole!) is needed to move a
chromosome [41]. Subsequently, McIntosh and colleagues
proposed a sliding filament mechanism where a “motor”
permanently attached to one microtubule is transitorily
associated with another microtubule or filament (e.g., actin)
[193]. This original hypothesis applied to anaphase A
required non-kinetochore and kinetochore microtubules
to be anti-parallel. However, it was later discovered that
90-95% of microtubules in each half-spindle have identical
polarities [194-196]. After the discovery of microtubule
treadmilling in vitro, a model based on poleward-sliding of
anti-parallel microtubules coordinated with the opposite
end assembly/disassembly of all spindle microtubules was
proposed [197]. In this model, the movement of chromo-
somes during anaphase is driven by sliding of anti-parallel
interpolar microtubules that overlap in the equatorial
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Fig. 5 a, b Time-lapse sequences of LLC-PK cells stably expressing
GFP-o-tubulin after treatment with DMSO or 20 uM Cytochalasin D,
respectively. Chromosomes can be visualized by differential inter-
ference contrast in the superimposed image. Time between
frames = 1 min. ¢, d Distributions of measurements of Kk-fiber
shortening and half-spindle elongation velocities after treatment with
DMSO or 20 uM Cytochalasin D. The mean k-fiber shortening
velocities in DMSO and Cytochalasin D were, respectively,

0.0 1

half-spindle elongation (um/min)

DMSO Cytochalasin D

0.19 + 0.13 (n =6 cells) and 0.26 £ 0.17 (n = 4 cells) for the
represented period. Error intervals represent standard deviation.
The differences are not statistically significant (P = 0.296; ¢ test).
The median half-spindle elongation velocities in the same cells after
DMSO or Cytochalasin D were, respectively, 0.47 + 0.12 and
0.60 £ 0.21. Error intervals represent standard deviation. The
differences are not statistically significant (P = 0.058; Mann—Whitney
rank sum test)
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region, which produce an additional poleward force on
kinetochore microtubules through linkages at the region of
convergence near the poles. Similar ideas were proposed
by Goode, but in this case lateral interactions along the
entire k-fiber were envisioned to cross-link parallel non-
kinetochore microtubules [198]. Kinetochore and non-
kinetochore microtubules in close proximity have been
widely reported in the literature, with the best evidence
provided by 3D electron microscopy reconstructions of
spindles and kinetochore microtubules [199, 200] (Fig. 4).
Indeed, it has been estimated that every vertebrate kine-
tochore is tangentially associated with 3—8 non-kinetochore
microtubules [200]. Additionally, several proteins, such as
dynein and its co-factor NuMA, kinesin-14 members or the
Drosophila microtubule-associated protein ASP have also
been implicated in spindle pole focusing by mediating
microtubule cross-linking [91, 201, 202]. In this regard, we
favor a general distribution of microtubule cross-linkers
along the length of the k-fiber, as this would explain why
chromosomes lie at the equator after UV or laser micro-
beam irradiation of the respective k-fibers during
metaphase [52, 203]. This behavior has been explained by
evoking the participation of actin/myosin and/or a spindle-
matrix in insect spermatocytes [204]. An alternative pos-
sibility would be that adjacent microtubules that do not
terminate at the kinetochore could in principle transmit
force to kinetochore microtubules via lateral cross-linking
(Fig. 4). Accordingly, we and our collaborators have
recently proposed a mechanical model of the spindle in
which the flux-driving force is generated by motor proteins,
such as kinesin-5 [205, 206], that could slide anti-parallel
interpolar microtubules coupled to k-fibers by cross-linking
molecules so that a poleward pushing force is transmitted
along the entire k-fiber but not generated within it [65]. In
this model, microtubule slippage from their kinetochore
attachment sites in response to poleward pushing forces
allows these same forces to redistribute and converge,
while microtubule depolymerases at the poles regulate
spindle length. In this way, the metaphase state reflects the
uniformity of spindle forces, which subsequently ensure
the synchronous poleward movement of chromosomes
during anaphase.

Anaphase A versus anaphase B

In all the classic models of anaphase chromosome move-
ment, a lot of attention is given to anaphase A and the
importance of anaphase B appears to be largely depreci-
ated. We do believe that, with few exceptions, anaphase B
plays equal or even a most critical role than anaphase A
ensuring accurate chromosome segregation in animals as
this would intrinsically contribute to the uniformity of

forces acting on individual chromosomes. In yeasts, spindle
elongation is by far the main mechanism contributing to
separate chromosomes during anaphase (spindle elongation
is 5-7 times the metaphase spindle length, which also
implies microtubule polymerization and growth). This may
be related to the fact that, in these cases, there is no true
metaphase plate and chromosomes enter anaphase from
distinct positions relative to the spindle equator [207-209],
which could compromise mitotic fidelity if anaphase A was
the predominant mechanism.

Spindle elongation during anaphase B is a well-estab-
lished motor-dependent process with increased sensitivity
to the capacity to hydrolyze ATP than in anaphase A [85,
87, 210, 211], suggesting that the molecular motors and/
or energetic requirements involved in each process are
different. The elongation of the spindle may be driven by
forces that are intrinsic to the spindle (e.g., pushing forces
by antiparallel interpolar microtubule sliding) and/or
by forces outside the spindle (e.g., separation of spindle
poles by cortical-mediated pulling forces on astral
microtubules), also known as anaphase C [212]. The
microtubule sliding mechanism proposed by Mclntosh
and colleagues [193] explains at least part of the spindle
elongation in many systems, including diatoms, yeasts,
and Drosophila embryos [96, 213-216]. At the molecular
level, the players involved in each system might be dif-
ferent, although their modus operandi must be essentially
the same: cross-linking, sliding, and eventually growth/
stabilization of interpolar microtubules of opposite
polarity. These functions are provided by MAPs that
localize to the spindle midzone, such as members of the
PRC1, XMAP215, and CLASP families, as well as by
force-producing motors of the kinesin-5 or -6 families
[96, 217-225].

The elongation of the spindle based on pulling forces
acting on astral microtubules has been primarily suggested
by Boveri [226], and was largely supported by microsur-
gery experiments in some fungi (but not yeasts!),
echinoderms, worms, insect spermatocytes, and vertebrates
about a century later [82, 227-232]. In these experiments,
either the asters or spindle midzone were cut with a
microneedle or destroyed with a laser microbeam. While
aster removal or destruction slowed down or halted spindle
elongation, cuts through the spindle midzone consistently
accelerated this movement several-fold. These data indi-
cated that, in some systems, pulling forces acting on astral
microtubules are the main drivers of spindle elongation,
whereas spindle midzone microtubules resist or govern the
rate of pole separation. Cytoplasmic dynein located at the
cell cortex has been implicated in this astral MT pulling
mechanism [89, 90, 96, 233-235]. On the other hand,
proteins required for microtubule polymerization and
growth/stabilization of interpolar microtubules [236], such
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as CLASPs [219], coordinated with the activity of kinesin-5
at the spindle midzone, might work as governors [237].

Conclusion

Here, we attempted to provide the different views of the
anaphase movement that have been put forward over more
than 100 years, and to identify the weaknesses and
strengths of each prevailing model in the present days. In
this sense, we deliberately adopted a “neutral” position by
confronting apparently contradicting findings, leaving the
decision to the readers on their favorite model without
going for the mainstream. It seems clear, however, from
this brief discussion that the “mitotic mechanisms” are not
universal, and each organism uses one or a combination of
several processes relying at least partially on microtubule
properties. One should bear in mind that the ultimate goal
of anaphase is the effective separation of the two sets of
chromatids, from the shorter to the longer, far enough so
that none get caught midway by the cleavage of the cell
during cytokinesis. In this regard, recent works on how
chromosome segregation is coordinated with cytokinesis
provided important mechanistic insight towards a full
picture of the anaphase mechanism [238-240]. For the
future, it is expected that anaphase aficionados and new-
comers to the field will be able to quantify the biophysical
relevance and molecular nature of each of the discussed
mechanisms in order to establish direct comparisons
between evolutionary different systems towards a better
understanding of life. As for the first complete ascent of
Mount Everest by Sir Edmund Hillary, we wholeheartedly
believe that “the final solution of the mitotic problem will
almost certainly make use of parts of several different
hypothesis, and none of these can be considered as having
failed if it has contributed to the final answer” [22].
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