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Chromosome alignment and biorientation is essential for mitotic progression and ge-
nomic stability. Most chromosomes align at the spindle equator in a motor-independent
manner. However, a subset of polar kinetochores fail to bi-orient and require a micro-
tubule motor-based transport mechanism to move to the cell equator. Centromere Pro-
tein E (CENP-E/KIF10) is a kinesin motor from the Kinesin-7 family, which localizes to
unattached kinetochores during mitosis and utilizes plus-end directed microtubule motility
to slide mono-oriented chromosomes to the spindle equator. Recent work has revealed how
CENP-E cooperates with chromokinesins and dynein to mediate chromosome congression
and highlighted its role at aligned chromosomes. Additionally, we have gained new mecha-
nistic insights into the targeting and regulation of CENP-E motor activity at the kinetochore.
Here, we will review the function of CENP-E in chromosome congression, the pathways
that contribute to CENP-E loading at the kinetochore, and how CENP-E activity is regulated
during mitosis.

Introduction

The fidelity of chromosome segregation is critical for the maintenance of genomic stability and preven-
tion of aneuploidy during cell division (reviewed in [1]). To ensure the equal distribution of the genome to
daughter cells, the duplicated chromosomes are aligned and bioriented in the centre of the mitotic spindle
before they are segregated. A macromolecular protein complex known as the kinetochore assembles on the
centromere of sister chromatids and mediates their stable linkage to incoming spindle microtubules. The
composition of the kinetochore is dynamically restructured throughout mitosis to (i) facilitate chromo-
some alignment and biorientation, (ii) sense, signal and correct erroneous kinetochore-microtubule at-
tachments and (iii) mechanically couple chromosomes to the depolymerizing kinetochore fiber (K-fiber)
microtubules during metaphase and anaphase. At centromeres, CENP-A-containing nucleosomes re-
cruit CENP-C and the constitutively centromeric associated network of proteins (CCAN), which pro-
vide a structural link between chromatin and the core microtubule-binding hub of the outer kineto-
chore, known as the KMN (KNL1, Mis12 and Ndc80) network [2-8]. At the onset of mitosis, an expand-
able network known as the fibrous corona [9-11] assembles at the unattached outer kinetochore, stabi-
lized by the oligomerization of Rod-Zw10-Zwilch (RZZ), and recruits Spindly, Mad1, Mad2 and CENP-E
[12-14]. The ring- and crescent-shaped modules of the corona increase the surface area of kinetochores
in prometaphase to promote kinetochore-microtubule attachments and accelerate chromosome congres-
sion [10,12,15], before compaction and disassembly in metaphase [16]. This microtubule search and cap-
ture pathway, driven by the dynamic properties of microtubules, promotes formation of bi-oriented at-
tachments to spindle microtubules from opposite poles. Upon chromosome bi-orientation, kinetochores
maintain connections to dynamic microtubule ends, which power chromosome movement through forces
generated by microtubule depolymerization [17,18].
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Figure 1. Schematic overview of CENP-E structure, modifications and known interactors

The N terminus contains a globular motor domain, followed by an elongated stalk region consisting of discontinuous coiled-coils,
which mediate dimerization. Phosphorylation (P), ubiquitination (Ub) and farnesylation regulate CENP-E activity and kinetochore
localization. Several proteins have been identified that regulate CENP-E kinetochore recruitment (grey boxes).

This microtubule-driven search and capture of kinetochores is a major mechanism of chromosome alignment
(reviewed in [19]). However, chromosomes close to the spindle poles often only establish attachments to a single
spindle pole and remain monotelic [20-22]. Mono-oriented chromosomes require a distinct pathway to successfully
align at the equator [21]. This congression pathway is driven by microtubule motor-dependent forces, ultimately
dominated by CENP-E [21,23-25]. In this review, we discuss the contribution of CENP-E towards motor-dependent
chromosome congression, the recruitment pathways of CENP-E to the kinetochore and the regulation of CENP-E
function in mitosis.

Identification of CENP-E: a microtubule motor involved in
chromosome alignment

CENP-E was established as a component of the outer kinetochore almost 30 years ago, shortly following the discovery
of CENP-A, -B, -C and -D [26]. Subsequent work identified CENP-E as a kinetochore-bound motor, raising the idea
that it may enable chromosome movement [27]. With a monomeric molecular weight of 316 kDa, CENP-E is the
largest member of the kinesin superfamily [27]. CENP-E is a physiological homodimer comprising a N-terminal AT-
Pase domain followed by an elongated stalk of discontinuous coiled-coils (Figure 1) [28-30]. Expression of CENP-E
is up-regulated during G2 and peaks in M phase, before proteolytic degradation at mitotic exit [27,31]. During
prometaphase, CENP-E is enriched at the crescents of the fibrous corona and decorates spindle microtubules [11,26].
CENP-E remains present at low levels at kinetochores in both metaphase and anaphase A [11,32], after disassembly
of the corona by Dynein [16]. CENP-E relocalizes to the spindle midzone during anaphase B [11,26,32,33]. A func-
tion for CENP-E at the kinetochore was first highlighted following microinjection of polyclonal antibodies targeted
against the CENP-E C terminus, which resulted in depletion of the motor from kinetochores and significantly ampli-
fied the occurrence of chromosome misalignments [34-36]. The authors also showed the kinesin motor domain was
dispensable for kinetochore targeting and identified a minimal region within the C terminus required for CENP-E
kinetochore localization [33-36].

Mechanisms of CENP-E recruitment to kinetochores

Although several proteins have been implicated in kinetochore targeting of CENP-E, how it is specifically recruited to
kinetochores remains under debate. BubR1 was initially identified as a CENP-E interactor during a Yeast Two-Hybrid
(Y2H) screen, confirmed by almost stoichiometric coimmunoprecipitation of BubR1 from mitotic HeLa cells us-
ing anti-CENP-E antibodies [35,37]. BubR1 was first reported as a kinase involved in the Spindle Assembly Check-
point (SAC) [36,38]. However, human BubR1 has more recently been re-classified as a pseudokinase, retaining a

(© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).



Essays in Biochemistry (2020) 64 313-324 °
https://doi.org/10.1042/EBC20190073 '. (] EROE%ELAND
°

kinase-like domain that is catalytically inactive amongst vertebrate orthologues, with the exception of Drosophila
BubR1 [39,40]. It associates with Bub3, Mad2 and Cdc20 to form the Mitotic Checkpoint Complex (MCC), which
inhibits the Anaphase Promoting Complex (APC) [41,42]. BubR1 recruitment to the kinetochore temporally pre-
cedes CENP-E and depends on the mitotic kinase Bub1 [35]. A direct interaction between the C terminus of CENP-E
and the pseudokinase domain of human BubR1 has been reconstituted in vitro [33,43]. Kinetochore recruitment of
CENP-E by BubR1 is dependent on a short helix present in the far C terminus of BubR1, a feature reminiscent of the
interaction between Bubl and CENP-F [43,44]. Early work in Xenopus egg extracts reported that CENP-E activates
the checkpoint activity of BubR1 at unattached kinetochores and contributes to checkpoint silencing by stabilizing
kinetochore-microtubule attachments [37,45-48]. However, subsequent work in human cells and Drosophila estab-
lished that depletion or inhibition of CENP-E (and in Drosophila, CENP-meta) activity causes chromosome mis-
alignment and induces a robust mitotic arrest [26,34,49]. Depletion of BubR1 in DLD-1 cells significantly reduces
CENP-E at kinetochores [50], while other studies in high nocodazole show that depletion of BubR1 only mildly re-
duces CENP-E recruitment to unattached kinetochores [33,51]. Recent work has addressed the discrepancies, demon-
strating that BubR1 is the major kinetochore recruiter of CENP-E during the maintenance of chromosome alignment
and spindle checkpoint activation [43]. Upon prolonged nocodazole treatment, CENP-E can accumulate at kineto-
chores independently of BubR1 [43]. Thus, BubR1 is responsible for the initial and rapid recruitment of CENP-E
to kinetochores, while a distinct pathway recruits CENP-E at unattached kinetochores [33,43,50,51]. The molecular
basis for the alternative recruitment of CENP-E to kinetochores is not known.

Centromeric Protein F (CENP-F) was also identified as an interactor of CENP-E during the initial Y2H screen
for CENP-E kinetochore binding partners [35]. In addition to mechanical roles at the nuclear envelope and mi-
tochondrial outer membrane in G2 [52,53], CENP-F is recruited to outer kinetochores through a direct interac-
tion with Bubl in mitosis, providing a potential Bubl-dependent pathway for CENP-E recruitment to kinetochores
[33,35,50,52]. Individual depletion of CENP-E and CENP-F indicate they show interdependency in their kinetochore
localization [50,54,55]. Yet, in nocodazole-treated cells CENP-E is retained strongly at the kinetochore in the absence
of CENP-F, indicating that CENP-F is not essential for CENP-E targeting to unattached kinetochores [33,54,55].
Whether CENP-E and CENP-F interact at the kinetochore remains controversial and a direct interaction between
CENP-E and CENP-F has yet to be reconstituted in vitro. Both proteins localize to the fibrous corona and have
been implicated in facilitating microtubule capture. However, only CENP-E is part of the outer kinetochore mod-
ule that can be detached from the kinetochore after CDK1 inhibition. It notably colocalizes with the RZZ complex,
Madl and the Dynein cargo adaptor Spindly in these detachable modules [12,13]. The outer corona is disassem-
bled by Dynein upon kinetochore-microtubule attachment [16]. CENP-E is indeed removed from kinetochores in a
Dynein-dependent manner [16,54], but the physical linkage between Dynein and CENP-E remains unknown.

Several other kinetochore components have been reported to interact with CENP-E and contribute to its kine-
tochore localization, including Nuf2, SKAP and Madl; however whether they are direct interactions is unclear
[24,51,56-59]. Some of these interactions may be facilitated by post-translational modifications (Figure 1). For
instance, SUMO 2/3 modification of Nuf2 and NKAP promotes non-covalent interactions with the CENP-E
kinetochore-binding domain [57,60]. Polyubiquitination of CENP-E by the Linear Ubiquitin Chain Assembly Com-
plex (LUBAC) facilitates the recruitment CENP-E to attached kinetochores via an interaction with KNL-1 [61]. Simi-
larly to CENP-F and Spindly, CENP-E is modified by prenylation of the C terminus by Farnesyl Transferase, to regulate
the microtubule affinity and kinetochore localization of CENP-E [62-65]. Thus, kinetochore targeting of CENP-E is
a tightly regulated process involving at least two redundant pathways to ensure the loading of CENP-E to kineto-
chores. The molecular basis for the BubR1-mediated recruitment of CENP-E during spindle activation is now well
established. Future work is required to dissect the BubR1-independent pathway recruiting CENP-E to unattached
kinetochores.

CENP-E cooperates with other motors and microtubule
tracks in lateral transport of chromosomes

Deciphering the contribution of CENP-E towards chromosome alignment has proved challenging, as perturbation
of its motor activity by siRNA depletion results in chromosome misalignment and a prometaphase-like arrest, lim-
iting further dissection of its activity [26,34,37,66-68]. A pioneering study by Kapoor et al. highlighted that chro-
mosomes were able to align at the spindle equator prior to their bi-orientation in a CENP-E dependent manner,
identifying a novel mechanism of chromosome congression independent of microtubule pulling forces (Figure 2B)
[21]. The discovery of a CENP-E allosteric inhibitor, GSK923295A, that blocks the ATPase activity of the motor
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Figure 2. Roles of CENP-E at the kinetochore

(A) The fibrous corona (orange) expands out from unattached kinetochores to facilitate interactions with microtubules. CENP-E
is a major constituent of the expandable and detachable corona alongside RZZ, Mad1/2 and Spindly (not depicted). CENP-E
motor domains laterally capture microtubules during the search and capture process (bottom-right). Plus-end directed activity
promotes end-on capture by kinetochores (top-left). (B) CENP-E transports mono-oriented chromosomes to the equator laterally
along neighbouring microtubules, guided by a preference for detyrosinated tubulin. (C) The fibrous corona (orange) is disassembled
by Dynein (yellow) that transports CENP-E and other corona constituents to the spindle poles. A reduced pool of CENP-E is retained
at kinetochores and helps maintain kinetochore attachments to dynamic microtubule ends at aligned chromosomes.
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Figure 3. Motor-dependent chromosome congression

Chromosomes congress to the equator prior to bi-orientation through a microtubule motor-dependent mechanism. Dynein is re-
sponsible for poleward transport of chromosomes that fall outside the interpolar region (1), preferentially along tyrosinated mi-
crotubules (green). Chromokinesin Kid (purple) generates forces along chromosome arms, which propel chromosomes outwards
from the poles in random directions (2), but also contribute to stabilization of kinetochore-microtubule attachments and chromo-
some congression (3). CENP-E laterally transports unattached and mono-oriented chromosomes towards the spindle equator (4).
The plus-end directed motor activity of CENP-E at the leading kinetochore powers chromosome transport along detyrosinated
microtubules (blue).

domain and recapitulates the CENP-E depletion phenotype also enabled rapid and acute inactivation of the mo-
tor to probe its activity in cells [69]. Using this inhibitor, several studies have demonstrated that CENP-E motility
contributes to conversion of lateral to end-on kinetochore-microtubule attachments, chromosome congression and
maintenance of alignment (Figure 2A-C) [23,70-72]. Motor co-depletion and inhibition further dissected the trans-
port of mono-oriented chromosomes to the equator [23]. Congression of polar chromosomes is dependent on the
synergistic actions of chromokinesins Kif4A and Kid, Dynein and CENP-E (Figure 3) [23,24,73]. Chromosomes suc-
cessfully congress to the equator in the absence of arm-associated forces, also known as polar ejection forces (PEF),
generated by chromokinesins [74]. However, the chromokinesin Kid plays an important role in chromosome con-
gression in the absence of CENP-E [74-76]. Kinetochore Dynein counteracts the forces generated by Kid, laterally
transporting mono-oriented chromosomes that lie outside the interpolar region back towards the spindle poles along
tyrosinated astral microtubules (Figure 3) [23,24,77-79]. Following the focusing of mono-oriented chromosomes to
spindle poles by Dynein, chromosomes are laterally transported by CENP-E to the equator (Figure 2B) [21,23,28,80].
CENP-E transports chromosomes along the detyrosinated spindle microtubules, which are favoured over tyrosinated
astral microtubules (Figure 3) [23,25,28,80]. CENP-E also prefers detyrosinated microtubules in vitro, which pro-
mote longer run lengths and reduce the frequency of microtubule detachment when under load [80]. Chromosome
alignment is established through the synergy between chromokinesins, Dynein and CENP-E motors, as well as the
microtubule tracks.

CENP-E plus-end directed motility is required for
chromosome congression

In vitro, CENP-E was initially associated with minus-end directed motility despite the presence of a canonical ki-
nesin motor domain at the N terminus [27,81]. Full-length CENP-E dimers purified from synchronized HeLa cells
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were unable to display microtubule gliding activity, only retaining the capacity to bind and pivot microtubules [30].
However, the crystal structure of the human CENP-E motor domain highlighted a number of structural similari-
ties to plus end-directed kinesins KHC and Eg5, adopting a footprint on microtubules similar to kinesin-1 [82,83].
Subsequent work conclusively demonstrated that truncated Xenopus and human CENP-E motor domain possess ro-
bust plus-end directed microtubule gliding activity [28,67,84]. More recent reconstitutions with both truncated and
full-length Xenopus CENP-E indicate the motor possesses a velocity of 20 pm/min with run lengths approximating
1.5-2.5 um [28,29,68,71,80,84-87]. To date, processive motility has not been displayed for human CENP-E. Interest-
ingly, the run length of CENP-E appears to be independent of the additional microtubule-binding site present in the
C-terminal tail, which typically increases the processivity of kinesins [71,88-90]. Differences in buffer composition
likely account for the variability in recorded motor velocities that range between 0.48 and 20 pm/min and for the
discontinuity in its plus-end directed motion [28,68,71,84,85,91]. In addition to the inherent microtubule affinity of
the kinesin motor domain, a short stretch of basic residues located in close proximity to the neck linker enhance mi-
crotubule affinity via one-dimensional diffusive motion [28,68,86,92]. In cells, CENP-E is tethered to kinetochores
to transport chromosomes laterally along microtubules. Forces at kinetochores of around 700 pN are estimated to
be necessary to move chromosomes [93]. Biophysical studies on CENP-E using optical trap microscopy showed that
CENP-E dimers are capable of bearing loads up to 6 pN before stalling, comparable to the load-bearing capacity of
kinesin-1, which supports its function in moving chromosomes [85]. CENP-E carries larger loads on detyrosinated
microtubules, found in the spindle, when compared with tyrosinated microtubules [80]. Under load when bound to
beads, CENP-E adopts a compact conformation of 25 nm, despite exhibiting an elongated structure during hydrody-
namic analysis [28,94]. In vivo, fluorescence separation measurements indicate that CENP-E adopts a folded rather
than an extended conformation, as both the motor and C-terminal tail appear to be positioned in close proximity to
Hecl at aligned kinetochores [95,96]. These data indicate functional CENP-E has a compact conformation with the
stalk folding on itself, rather than an extended structure observed by rotary shadowing in vitro [28,94]. The contri-
bution of plus-end directed motility of CENP-E to chromosome congression is now well-established. Evidence also
suggests that active CENP-E adopts a compact functional conformation in mitosis.

CENP-E properties to couple kinetochores to dynamic
microtubules

Early studies showed microtubule depolymerization-dependent movement of chromosomes in vitro are blocked
upon treatment with an inhibitory CENP-E antibody [97]. These data raised the question of whether the motor has
a role in sustaining stable attachments to dynamic microtubule plus ends at aligned or segregating chromosomes.
Several components of the outer kinetochore enable load-bearing microtubule attachments by processively track-
ing the growing and shrinking ends, including CENP-F, Ndc80 complex and Skal complex [53,98-102]. CENP-E
also tip-tracks depolymerizing microtubules and stabilizes kinetochore-microtubule attachments [71,97,103,104]. In
contrast with the enrichment of CENP-E at unattached kinetochores, only a residual amount of CENP-E is maintained
at the kinetochores of aligned chromosomes following Dynein-dependent stripping of the fibrous corona (Figure 2C)
[16,32,54]. The remaining pool of CENP-E at bi-oriented kinetochores is essential for the maintenance of chromo-
some alignment: inhibition of CENP-E ATPase activity results in the poleward movement of chromosomes from the
metaphase plate [71]. In vitro, full-length CENP-E is able to processively track both growing and shrinking micro-
tubules upon reaching the dynamic plus ends, indicating that CENP-E may contribute to maintaining load-bearing
microtubule attachments to kinetochores (Figure 2C) [71]. Plus-end tracking of dynamic microtubules is dependent
on the additional microtubule-binding site located in the far C terminus [71]. This second microtubule-binding re-
gion has a nanomolar affinity for microtubules and binds electrostatically to the microtubule lattice, utilizing fast
diffusion along the lattice to prevent motor dissociation once it reaches the tip [71,105]. In contrast with kinesin-8
and kinesin-13 motors, which also associate with microtubule tips in mitosis to control their dynamics, CENP-E
does not modulate microtubule dynamics in vitro [71,88,89,106]. Therefore, it is unlikely to directly regulate mi-
crotubule dynamics at the interface of the outer kinetochore. However, CENP-E has been previously shown to re-
cruit CLASP 1 and 2 (Xorbit in Xenopus) in vivo, to promote microtubule turnover at the kinetochore [107-109].
Co-immunoprecipitation experiments indicate that a non-motor region of CENP-E recruits the C terminus of CLASP
to kinetochores but whether the interaction is direct is not known [108,109]. Overall, in vitro reconstitutions have
thus provided key insights into the motile and biochemical properties of CENP-E to maintain stable-kinetochore
microtubule attachments.
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Regulation of CENP-E motor activity

The activity of CENP-E at the kinetochore is tightly regulated. In a similar fashion to Kinesin-1 and Kinesin-3,
CENP-E is proposed to self-regulate its microtubule motor activity [110-112]. CENP-E primarily adopts an elon-
gated structure in solution. Rotary shadowing shows that a single CENP-E dimer spans an extended length up to 230
nm, adopting a variety of flexible conformations in vitro [28]. The high degree of flexibility in the CENP-E stalk may
facilitate autoinhibitory interactions between the motor and the C-terminal tail [29]. Recent work has shown that
attachment of full-length CENP-E to beads in vitro increases the activity of the motor, indicating a cargo-induced
activation mechanism may relieve the motor from autoinhibition [71,87]. However, whether adaptor proteins in vivo
are responsible for regulating CENP-E activity by such a mechanism is unknown. One study proposed that the C
terminus of Xenopus CENP-E interacts with the motor domains of CENP-E, although this interaction could only
be detected by surface plasmon resonance (SPR) [29]. Incubation of the recombinantly purified CENP-E C termi-
nus with the truncated motor domain resulted in dose-dependent inhibition of microtubule gliding activity, an effect
that could be relieved by Cdk1/Mpsl phosphorylation [29]. Given the C-terminal tail also binds to microtubules,
it is not clear whether it prevents the motor from stepping through steric hindrance or inhibits the motor directly
from these studies. The stalk also has a specific role in regulating CENP-E activity [87,94]. Artificial shortening of the
CENP-E stalk and exchange for the rigid coiled-coils of kinesin-1 results in a CENP-E motor that cannot rescue chro-
mosome misalignments in vivo. However, we cannot rule out the engineered constructs are defective independently
of the potential regulatory function of the coiled coil regions [87,96]. Whether removal of the stalk favours autoin-
hibitory interactions between the motor head and tail, impacts the load bearing capacity of the motor or perturbs
protein—protein interactions is currently unclear. However, it highlights that the length and flexibility of the stalk is
important for CENP-E activity.

Phosphorylation regulates CENP-E motor activity and the end-on capture of microtubules [68]. Multiple Cdk1
and Aurora A/B kinase consensus phosphorylation sites are present along the length of CENP-E, many of which are
uncharacterized [68,113]. Aurora A/B kinases phosphorylate CENP-E on threonine 422, a residue that overlaps into
a highly conserved PP1 docking site known as the RVXF motif and in turn disfavours the direct interaction between
CENP-E and PP1 when phosphorylated [68]. Injection of a T422 phospho-specific CENP-E antibody into human cells
and mutagenesis studies demonstrated that T422 phosphorylation is required to promote CENP-E-dependent chro-
mosome congression [68]. The second microtubule-binding site in the C-terminal tail is also phosphorylated [113].
Upon identification of the C-terminal microtubule-binding site in human CENP-E, Liao et al. reported that Cdkl
phosphorylation of this disordered tail reduced its microtubule affinity [114]. In contrast, treatment of the Xenopus
CENP-E tail with Mps1 or Cdk1 had no effect on microtubule binding affinity [29]. Unfortunately, neither study re-
ported the specific phosphorylation sites targeted by Cdk1 and Mps1 in vitro [29,114]. Recent work has suggested that
phosphorylation of serine 2613 promotes end-on microtubule capture and tip-tracking activity of the CENP-E tail, but
whether this phosphorylation event is catalysed by BubR1 as hypothesized by Huang et al. or via a distinct mitotic ki-
nase in mammalian cells remains to be established [39,40]. Other phosphorylation sites have been identified in phos-
phoproteomic screens. [115,116]. Nine identified sites on CENP-E have been mutated but did not reveal any mitotic
phenotype indicating they are not likely to be major regulatory sites [68]. CENP-E is also post-translationally modified
through farnesylation and ubiquitination to regulate its function and kinetochore-targeting, although the molecular
basis is not known [61,62]. In summary, CENP-E activity is regulated by cargo binding and post-translational modifi-
cations, but the mechanisms underlying CENP-E function in the context of chromosome alignment and segregation
is yet to be defined.

Concluding remarks

CENP-E plays a critical role in mammalian chromosome alignment. Recent work has elucidated how CENP-E loads
onto kinetochores through BubR1, yet highlighted that in the absence of BubR1, additional BubR1-independent path-
ways could recruit CENP-E to kinetochores albeit with different kinetics [43]. In vitro work with Xenopus CENP-E
has given us mechanistic insights into CENP-E as a molecular machine that moves chromosomes and maintains
attachments to dynamic microtubule ends. However, Xenopus CENP-E is constitutively active while the activity of
full-length human CENP-E has not been demonstrated so far [30], indicating their sequence divergence may underlie
different activation and regulatory mechanisms. Outstanding questions such as how CENP-E is recruited to kineto-
chores independently of BubR1, how CENP-E is modulated by its cargos and how CENP-E molecules cooperate with
each other and with other motors at kinetochores to move chromosomes remain to be answered.
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Summary
e CENP-E is a kinesin-7 kinetochore-targeted motor that walks to microtubule plus-ends.

e Mono-oriented polar chromosomes require a CENP-E-dependent mechanism of congression.

e BubR1 targets CENP-E to kinetochores, but other pathways are also responsible for CENP-E
kinetochore loading.

e Detyrosination of spindle microtubules guides lateral chromosome transport to the equator by
CENP-E.

e CENP-E activity is regulated by post-translational modifications, protein interactions and autoin-
hibition.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
B.C. is supported by the Biotechnology and Biological Sciences Research Council (BBSRC) [grant number BB/M010996/1]. J.W.
is supported by a Wellcome Senior Reseach Fellowship [grant number 207430].

Open Access
Open access for this article was enabled by the participation of University of Edinburgh in an all-inclusive Read & Publish pilot with
Portland Press and the Biochemical Society under a transformative agreement with JISC.

Abbreviations
CCAN, centromeric associated network of proteins; CENP-E, centromere protein E; PEF, polar ejection forces; RZZ,
Rod-Zw10-Zwilch.

References

1 Holland, A.J. and Cleveland, D.W. (2009) Boveri revisited: chromosomal instability, aneuploidy and tumorigenesis. Nat. Rev. Mol. Cell Biol. 10,
478-487, https://doi.org/10.1038/nrm2718

2  Earnshaw, W.C. and Rothfield, N. (1985) Identification of a family of human centromere proteins using autoimmune sera from patients with
scleroderma. Chromosoma 91, 313-321, https://doi.org/10.1007/BF00328227

3 Cheeseman, .M., Chappie, J.S., Wilson-Kubalek, E.M. and Desai, A. (2006) The Conserved KMN Network Constitutes the Core Microtubule-Binding
Site of the Kinetochore. Cell 127, 983-997, https://doi.org/10.1016/j.cell.2006.09.039

4 Okada, M., Cheeseman, |.M., Hori, T., Okawa, K., McLeod, I.X., Yates, J.R. et al. (2006) The CENP-H-I complex is required for the efficient
incorporation of newly synthesized CENP-A into centromeres. Nat. Cell Biol. 8, 446-457, https://doi.org/10.1038/nchb1396

5 Cheeseman, I.M., Niessen, S., Anderson, S., Hyndman, F., Yates, J.R., Oegema, K. et al. (2004) A conserved protein network controls assembly of the
outer kinetochore and its ability to sustain tension. Genes Dev. 18, 2255-2268, https://doi.org/10.1101/gad.1234104

6  Weir, J.R., Faesen, A.C., Klare, K., Petrovic, A., Basilico, F., Fischbock, J. et al. (2016) Insights from biochemical reconstitution into the architecture of
human kinetochores. Nature 537, 249-253, https://doi.org/10.1038/nature19333

7 Wei, R.R., Al-Bassam, J. and Harrison, S.C. (2007) The Ndc80/HEC1 complex is a contact point for kinetochore-microtubule attachment. Nat. Struct.
Mol. Biol. 14, 54-59, https://doi.org/10.1038/nsmb1186

8  Pesenti, M.E., Prumbaum, D., Auckland, P., Raunser, S., McAinsh, A.D. and Musacchio, A. (2018) Reconstitution of a 26-Subunit Human Kinetochore
Reveals Cooperative Microtubule Binding by CENP-OPQUR and NDC80. Mol. Cell 71, 923-939.e10, https://doi.org/10.1016/j.molcel.2018.07.038

9  Cassimeris, L., Rieder, C.L., Rupp, G. and Salmon, E.D. (1990) Stability of microtubule attachment to metaphase kinetochores in PtK1 cells. J. Cell Sci.
96, 9-15

10 Hoffman, D.B., Pearson, C.G., Yen, T.J., Howell, B.J. and Salmon, E.D. (2001) Microtubule-dependent changes in assembly of microtubule motor
proteins and mitotic spindle checkpoint proteins at PtK1 kinetochores. Mol. Biol. Cell 12, 1995-2009, https://doi.org/10.1091/mbc.12.7.1995

11 Cooke, C.A., Schaar, B., Yen, T.J. and Earnshaw, W.C. (1997) Localization of CENP-E in the fibrous corona and outer plate of mammalian kinetochores
from prometaphase through anaphase. Chromosoma 106, 446-455, https://doi.org/10.1007/s004120050266

(©) 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).


https://doi.org/10.1038/nrm2718
https://doi.org/10.1007/BF00328227
https://doi.org/10.1016/j.cell.2006.09.039
https://doi.org/10.1038/ncb1396
https://doi.org/10.1101/gad.1234104
https://doi.org/10.1038/nature19333
https://doi.org/10.1038/nsmb1186
https://doi.org/10.1016/j.molcel.2018.07.038
https://doi.org/10.1091/mbc.12.7.1995
https://doi.org/10.1007/s004120050266

Essays in Biochemistry (2020) 64 313-324 °
https://doi.org/10.1042/EBC20190073 '. (] EROE%ELAND
°

12 Sacristan, C., Ahmad, M.U.D., Keller, J., Fermie, J., Groenewold, V., Tromer, E. et al. (2018) Dynamic kinetochore size regulation promotes microtubule
capture and chromosome biorientation in mitosis. Nat. Cell Biol. 20, 800-810, https://doi.org/10.1038/s41556-018-0130-3

13 Pereira, C., Reis, R.M., Gama, J.B., Celestino, R., Cheerambathur, D.K., Carvalho, A.X. et al. (2018) Self-Assembly of the RZZ Complex into Filaments
Drives Kinetochore Expansion in the Absence of Microtubule Attachment. Curr. Biol. 28, 3408.e8-3421.e8,
https://doi.org/10.1016/j.cub.2018.08.056

14 Rodriguez-Rodriguez, J.A., Lewis, C., McKinley, K.L., Sikirzhytski, V., Corona, J., Maciejowski, J. et al. (2018) Distinct Roles of RZZ and Bub1-KNL1 in
Mitotic Checkpoint Signaling and Kinetochore Expansion. Curr. Biol. 28, 3422.e5-3429.e5, https://doi.org/10.1016/j.cub.2018.10.006

15 Magidson, V., Paul, R., Yang, N., Ault, J.G., 0’Connell, C.B., Tikhonenko, . et al. (2015) Adaptive changes in the kinetochore architecture facilitate
proper spindle assembly. Nat. Cell Biol. 17, 1134—1144, https://doi.org/10.1038/nch3223

16 Howell, B.J., McEwen, B.F., Canman, J.C., Hoffman, D.B., Farrar, E.M., Rieder, C.L. et al. (2001) Cytoplasmic dynein/dynactin drives kinetochore
protein transport to the spindle poles and has a role in mitotic spindle checkpoint inactivation. J. Cell Biol. 155, 11591172,
https://doi.org/10.1083/jcb.200105093

17 Grishchuk, E.L. and MclIntosh, J.R. (2006) Microtubule depolymerization can drive poleward chromosome motion in fission yeast. EMBO J. 25,
4888-4896, https://doi.org/10.1038/sj.emboj.7601353

18 Grishchuk, E.L., Molodtsov, M.I., Ataullakhanov, F.l. and Mclntosh, J.R. (2005) Force production by disassembling microtubules. Nature 438, 384—388,
https://doi.org/10.1038/nature04132

19 Maiato, H., Gomes, A., Sousa, F. and Barisic, M. (2017) Mechanisms of Chromosome Congression during Mitosis. Biology (Basel) 6, 13,
https://doi.org/10.3390/biology6010013

20 Tovini, L. and McClelland, S. (2019) Impaired CENP-E Function Renders Large Chromosomes More Vulnerable to Congression Failure. Biomolecules 9,
44, https://doi.org/10.3390/biom9020044

21 Kapoor, T.M., Lampson, M.A., Hergert, P., Cameron, L., Cimini, D., Salmon, E.D. et al. (2006) Chromosomes Can Congress to the Metaphase Plate
Before Biorientation. Science 311, 388-391, https://doi.org/10.1126/science.1122142

22 Drpic, D., Aimeida, A.C., Aguiar, P.,, Renda, F., Damas, J., Lewin, H.A. et al. (2018) Chromosome Segregation Is Biased by Kinetochore Size. Curr. Biol.
28, 1344.e5-1356.e5, https://doi.org/10.1016/j.cub.2018.03.023

23 Barisic, M., Aguiar, P., Geley, S. and Maiato, H. (2014) Kinetochore motors drive congression of peripheral polar chromosomes by overcoming random
arm-ejection forces. Nat. Cell Biol. 16, 1249-1256, https://doi.org/10.1038/ncb3060

24 Bancroft, J., Auckland, P., Samora, C.P. and McAinsh, A.D. (2015) Chromosome congression is promoted by CENP-Q- and CENP-E-dependent
pathways. J. Cell Sci. 128, 171-184, https://doi.org/10.1242/jcs.163659

25 Cai, S., 0’Connell, C.B., Khodjakov, A. and Walczak, C.E. (2009) Chromosome congression in the absence of kinetochore fibres. Nat. Cell Biol. 11,
832-838, https://doi.org/10.1038/nch1890

26 Yen, T.J., Compton, D.A., Wise, D., Zinkowski, R.P., Brinkley, B.R., Earnshaw, W.C. et al. (1991) CENP-E, a novel human centromere-associated protein
required for progression from metaphase to anaphase. EVMBO J. 10, 1245-1254, https://doi.org/10.1002/j.1460-2075.1991.th08066.x

27 Yen, T.J., Li, G., Schaar, B.T., Szilak, I. and Cleveland, D.W. (1992) CENP-E is a putative kinetochore motor that accumulates just before mitosis. Nature
359, 536-539, https://doi.org/10.1038/359536a0

28 Kim, Y., Heuser, J.E., Waterman, C.M. and Cleveland, D.W. (2008) CENP-E combines a slow, processive motor and a flexible coiled coil to produce an
essential motile kinetochore tether. J. Cell Biol. 181, 411-419, https://doi.org/10.1083/jcb.200802189

29 Espeut, J., Gaussen, A., Bieling, P., Morin, V., Prieto, S., Fesquet, D. et al. (2008) Phosphorylation Relieves Autoinhibition of the Kinetochore Motor
Cenp-E. Mol. Cell 29, 637-643, https://doi.org/10.1016/j.molcel.2008.01.004

30 Deluca, J.G., Newton, C.N., Himes, R.H., Jordan, M.A. and Wilson, L. (2001) Purification and Characterization of Native Conventional Kinesin, HSET,
and CENP-E from Mitotic HeLa Cells. J. Biol. Chem. 276, 28014-28021, https://doi.org/10.1074/jbc.M102801200

31 Brown, K.D., Coulson, R.M.R., Yen, T.J. and Cleveland, D.W. (1994) Cyclin-like accumulation and loss of the putative kinetochore motor CENP-E results
from coupling continuous synthesis with specific degradation at the end of mitosis. J. Cell Biol. 125, 1303-1312,
https://doi.org/10.1083/jch.125.6.1303

32 Brown, K.D., Wood, K.W. and Cleveland, D.W. (1996) The kinesin-like protein CENP-E is kinetochore-associated throughout poleward chromosome
segregation during anaphase-A. J. Cell Sci. 109, 961-969

33 Ciossani, G., Overlack, K., Petrovic, A., Huis in 't Veld, P.J., Koerner, C., Wohlgemuth, S. et al. (2018) The kinetochore proteins CENP-E and CENP-F
directly and specifically interact with distinct BUB mitotic checkpoint Ser/Thr kinases. J. Biol. Chem. 293, 10084-10101,
https://doi.org/10.1074/jbc.RA118.003154

34 Schaar, B.T,, Chan, G.K.T., Maddox, P., Salmon, E.D. and Yen, T.J. (1997) CENP-E function at kinetochores is essential for chromosome alignment. J.
Cell Biol. 139, 1373-1382, https://doi.org/10.1083/jch.139.6.1373

35 Chan, G.K.T., Schaar, B.T. and Yen, T.J. (1998) Characterization of the kinetochore binding domain of CENP-E reveals interactions with the kinetochore
proteins CENP-F and hBUBR1. J. Cell Biol. 143, 49-63, https://doi.org/10.1083/jcb.143.1.49

36 Chan, G.K.T., Jablonski, S.A., Sudakin, V., Hittle, J.C. and Yen, T.J. (1999) Human BUBR1 is a mitotic checkpoint kinase that monitors CENP-E functions
at kinetochores and binds the cyclosome/APC. J. Cell Biol. 146, 941-954, https://doi.org/10.1083/jcb.146.5.941

37 Yao, X., Abrieu, A., Zheng, Y., Sullivan, K.F. and Cleveland, D.W. (2000) CENP-E forms a link between attachment of spindle microtubules to
kinetochores and the mitotic checkpoint. Nat. Cell Biol. 2, 484—-491, https://doi.org/10.1038/35019518

38 Chen, R.H. (2002) BubR1 is essential for kinetochore localization of other spindle checkpoint proteins and its phosphorylation requires Mad1. J. Cell
Biol. 158, 487-496, https://doi.org/10.1083/jch.200204048

39 Huang, Y., Lin, L., Liu, X., Ye, S., Yao, P., Wang, W. et al. (2019) BubR1 phosphorylates CENP-E as a switch enabling the transition from lateral
association to end-on capture of spindle microtubules. Cell Res. 29, 562-578, https://doi.org/10.1038/s41422-019-0178-z

(© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons 321
Attribution License 4.0 (CC BY).


https://doi.org/10.1038/s41556-018-0130-3
https://doi.org/10.1016/j.cub.2018.08.056
https://doi.org/10.1016/j.cub.2018.10.006
https://doi.org/10.1038/ncb3223
https://doi.org/10.1083/jcb.200105093
https://doi.org/10.1038/sj.emboj.7601353
https://doi.org/10.1038/nature04132
https://doi.org/10.3390/biology6010013 \ignorespaces 
https://doi.org/10.3390/biom9020044
https://doi.org/10.1126/science.1122142
https://doi.org/10.1016/j.cub.2018.03.023
https://doi.org/10.1038/ncb3060
https://doi.org/10.1242/jcs.163659
https://doi.org/10.1038/ncb1890
https://doi.org/10.1002/j.1460-2075.1991.tb08066.x
https://doi.org/10.1038/359536a0
https://doi.org/10.1083/jcb.200802189
https://doi.org/10.1016/j.molcel.2008.01.004
https://doi.org/10.1074/jbc.M102801200
https://doi.org/10.1083/jcb.125.6.1303
https://doi.org/10.1074/jbc.RA118.003154
https://doi.org/10.1083/jcb.139.6.1373
https://doi.org/10.1083/jcb.143.1.49
https://doi.org/10.1083/jcb.146.5.941
https://doi.org/10.1038/35019518
https://doi.org/10.1083/jcb.200204048
https://doi.org/10.1038/s41422-019-0178-z

Essays in Biochemistry (2020) 64 313-324

[ ]
’... FF:F? E%ELAND https://doi.org/10.1042/EBC20190073

40 Suijkerbuijk, S.J.E., van Dam, T.J.P., Karagoz, G.E., von Castelmur, E., Hubner, N., Duarte, A. et al. (2012) The Vertebrate Mitotic Checkpoint Protein
BUBR1 Is an Unusual Pseudokinase. Dev. Cell 22, 1321-1329, https://doi.org/10.1016/j.devcel.2012.03.009

41 Sudakin, V., Chan, G.K.T. and Yen, T.J. (2001) Checkpoint inhibition of the APC/C in HeLa cells is mediated by a complex of BUBR1, BUB3, CDC20, and
MAD2. J. Cell Biol. 154, 925-936, https://doi.org/10.1083/jcb.200102093

42 Hardwick, K.G., Johnston, R.C., Smith, D.L. and Murray, A.W. (2000) MAD3 encodes a novel component of the spindle checkpoint which interacts with
Bub3p, Cdc20p, and Mad2p. J. Cell Biol. 148, 871-882, https://doi.org/10.1083/jch.148.5.871

43 Legal, T., Hayward, D., Gluszek-Kustusz, A., Blackburn, E.A., Spanos, C., Rappsilber, J. et al. (2020) The C-terminal helix of BubR1 is essential for
CENP-E-dependent chromosome alignment. bioRxiv, https://doi.org/10.1101/2020.02.25.962613

44 Raaijmakers, J.A., van Heesbeen, R.G.H.P., Blomen, V.A., Janssen, L.M.E., van Diemen, F., Brummelkamp, T.R. et al. (2018) BUB1 Is Essential for the
Viability of Human Cells in which the Spindle Assembly Checkpoint Is Compromised. Cell Rep. 22, 1424-1438,
https://doi.org/10.1016/j.celrep.2018.01.034

45 Guo, Y., Kim, C., Ahmad, S., Zhang, J. and Mao, Y. (2012) CENP-E-dependent bubr1 autophosphorylation enhances chromosome alignment and the
mitotic checkpoint. J. Cell Biol. 198, 205-217, https://doi.org/10.1083/jcb.201202152

46 Mao, Y., Abrieu, A. and Cleveland, D.W. (2003) Activating and silencing the mitotic checkpoint through CENP-E-dependent activation/inactivation of
BubR1. Cell 114, 87-98, https://doi.org/10.1016/S0092-8674(03)00475-6

47 Mao, Y., Desai, A. and Cleveland, D.W. (2005) Microtubule capture by CENP-E silences BubR1-dependent mitotic checkpoint signaling. J. Cell Biol.
170, 873-880, https://doi.org/10.1083/jcb.200505040

48 Abrieu, A., Kahana, J.A., Wood, K.W. and Cleveland, D.W. (2000) CENP-E as an essential component of the mitotic checkpoint in vitro. Cell 102,
817-826, https://doi.org/10.1016/S0092-8674(00)00070-2

49 VYucel, J.K., Marszalek, J.D., Mcintosh, J.R., Goldstein, L.S.B., Cleveland, D.W. and Philp, A.V. (2000) CENP-meta, an essential kinetochore kinesin
required for the maintenance of metaphase chromosome alignment in Drosophila. J. Cell Biol. 150, 1-11, https://doi.org/10.1083/jch.150.1.1a

50 Johnson, V.L., Scott, M.L.F.,, Holt, S.V., Hussein, D. and Taylor, S.S. (2004) Bub1 is required for kinetochore localization of BubR1, Cenp-E, Cenp-F and
Mad2, and chromosome congression. J. Cell Sci. 117, 1577-1589, https://doi.org/10.1242/jcs.01006

51 Akera, T., Goto, Y., Sato, M., Yamamoto, M. and Watanabe, Y. (2015) Mad1 promotes chromosome congression by anchoring a kinesin motor to the
kinetochore. Nat. Cell Biol. 17, 1124—1133, https://doi.org/10.1038/nch3219

52 Berto, A, Yu, J., Morchoisne-Bolhy, S., Bertipaglia, C., Vallee, R., Dumont, J. et al. (2018) Disentangling the molecular determinants for Cenp-F
localization to nuclear pores and kinetochores. EMBO Rep. 19, e44742, https://doi.org/10.15252/embr.201744742

53 Kanfer, G., Peterka, M., Arzhanik, V.K., Drobyshev, A.L., Ataullakhanov, F.l., Volkov, V.A. et al. (2017) CENP-F couples cargo to growing and shortening
microtubule ends. Mol. Biol. Cell 28, 24002409, https://doi.org/10.1091/mbc.e16-11-0756

54 Auckland, P. and McAinsh, A.D. (2019) CENP-F controls force generation and the dynein-dependent stripping of CENP-E at kinetochores. bioRxiv,
https://doi.org/10.1101/627380

55 Bomont, P, Maddox, P., Shah, J.V., Desai, A.B. and Cleveland, D.W. (2005) Unstable microtubule capture at kinetochores depleted of the
centromere-associated protein CENP-F. EMBO J. 24, 3927-3939, https://doi.org/10.1038/sj.emboj.7600848

56 Liu, D., Ding, X., Du, J., Cai, X., Huang, Y., Ward, T. et al. (2007) Human NUF?2 interacts with centromere-associated protein E and is essential for a
stable spindle microtubule-kinetochore attachment. J. Biol. Chem. 282, 21415-21424, https://doi.org/10.1074/jbc.M609026200

57 Zhang, X.D., Goeres, J., Zhang, H., Yen, T.J., Porter, A.C.G. and Matunis, M.J. (2008) SUMO-2/3 Modification and Binding Regulate the Association of
CENP-E with Kinetochores and Progression through Mitosis. Mol. Cell 29, 729-741, https://doi.org/10.1016/j.molcel.2008.01.013

58 Xiao, T., Wongtrakoongate, P., Trainor, C. and Felsenfeld, G. (2015) CTCF Recruits Centromeric Protein CENP-E to the Pericentromeric/Centromeric
Regions of Chromosomes through Unusual CTCF-Binding Sites. Cell Rep. 12, 17041714, https://doi.org/10.1016/j.celrep.2015.08.005

59 Milev, M.P., Hasaj, B., Saint-Dic, D., Snounou, S., Zhao, Q. and Sacher, M. (2015) TRAMM/TrappC12 plays a role in chromosome congression,
kinetochore stability, and CENP-E recruitment. J. Cell Biol. 209, 221-234, https://doi.org/10.1083/jcb.201501090

60 Li, T, Chen, L., Cheng, J., Dai, J., Huang, Y., Zhang, J. et al. (2016) SUMOylated NKAP is essential for chromosome alignment by anchoring CENP-E to
kinetochores. Nat. Commun. 7, 12969, https://doi.org/10.1038/ncomms12969

61 Wu, M., Chang, Y., Hu, H., Mu, R., Zhang, Y., Qin, X. et al. (2019) LUBAC controls chromosome alignment by targeting CENP-E to attached
kinetochores. Nat. Commun. 10, 273, https://doi.org/10.1038/s41467-018-08043-7

62 Holland, A.J., Reis, R.M., Niessen, S., Pereira, C., Andres, D.A., Spielmann, H.P. et al. (2015) Preventing farnesylation of the dynein adaptor Spindly
contributes to the mitotic defects caused by farnesyltransferase inhibitors. Mol. Biol. Cell 26, 1845-1856, https://doi.org/10.1091/mbc.E14-11-1560

63 Mosalaganti, S., Keller, J., Altenfeld, A., Winzker, M., Rombaut, P., Saur, M. et al. (2017) Structure of the RZZ complex and molecular basis of its
interaction with Spindly. J. Cell Biol. 216, 961-981, https://doi.org/10.1083/jcb.201611060

64 Ashar, H.R., James, L., Gray, K., Carr, D., Black, S., Armstrong, L. et al. (2000) Farnesyl Transferase Inhibitors Block the Farnesylation of CENP-E and
CENP-F and Alter the Association of CENP-E with the Microtubules. J. Biol. Chem. 275, 30451-30457, https://doi.org/10.1074/jbc.M003469200

65 Schafer-Hales, K., laconelli, J., Snyder, J.P., Prussia, A., Nettles, J.H., EI-Naggar, A. et al. (2007) Farnesyl transferase inhibitors impair chromosomal
maintenance in cell lines and human tumors by compromising CENP-E and CENP-F function. Mol. Cancer Ther. 6, 1317-1328,
https://doi.org/10.1158/1535-7163.MCT-06-0703

66 Tanudji, M., Shoemaker, J., L'ltalien, L., Russell, L., Chin, G. and Schebye, X.M. (2004) Gene Silencing of CENP-E by Small Interfering RNA in HeLa
Cells Leads to Missegregation of Chromosomes after a Mitotic Delay. Mol. Biol. Cell 15, 3771-3781, https://doi.org/10.1091/mbc.e03-07-0482

67 Wood, K.W., Sakowicz, R., Goldstein, L.S.B. and Cleveland, D.W. (1997) CENP-E is a plus end-directed kinetochore motor required for metaphase
chromosome alignment. Cell 91, 357-366, https://doi.org/10.1016/S0092-8674(00)80419-5

68 Kim, Y., Holland, A.J., Lan, W. and Cleveland, D.W. (2010) Aurora kinases and protein phosphatase 1 mediate chromosome congression through
regulation of CENP-E. Cell 142, 444-455, https://doi.org/10.1016/j.cell.2010.06.039

322 (©) 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).


https://doi.org/10.1016/j.devcel.2012.03.009
https://doi.org/10.1083/jcb.200102093
https://doi.org/10.1083/jcb.148.5.871
https://doi.org/10.1101/2020.02.25.962613
https://doi.org/10.1016/j.celrep.2018.01.034
https://doi.org/10.1083/jcb.201202152
https://doi.org/10.1016/S0092-8674(03)00475-6
https://doi.org/10.1083/jcb.200505040
https://doi.org/10.1016/S0092-8674(00)00070-2
https://doi.org/10.1083/jcb.150.1.1a
https://doi.org/10.1242/jcs.01006
https://doi.org/10.1038/ncb3219
https://doi.org/10.15252/embr.201744742
https://doi.org/10.1091/mbc.e16-11-0756
https://doi.org/10.1101/627380 \ignorespaces 
https://doi.org/10.1038/sj.emboj.7600848
https://doi.org/10.1074/jbc.M609026200
https://doi.org/10.1016/j.molcel.2008.01.013
https://doi.org/10.1016/j.celrep.2015.08.005
https://doi.org/10.1083/jcb.201501090
https://doi.org/10.1038/ncomms12969
https://doi.org/10.1038/s41467-018-08043-7
https://doi.org/10.1091/mbc.E14-11-1560
https://doi.org/10.1083/jcb.201611060
https://doi.org/10.1074/jbc.M003469200
https://doi.org/10.1158/1535-7163.MCT-06-0703
https://doi.org/10.1091/mbc.e03-07-0482
https://doi.org/10.1016/S0092-8674(00)80419-5
https://doi.org/10.1016/j.cell.2010.06.039

Essays in Biochemistry (2020) 64 313-324
https://doi.org/10.1042/EBC20190073

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

Wood, K.W., Lad, L., Luo, L., Qian, X., Knight, S.D., Nevins, N. et al. (2010) Antitumor activity of an allosteric inhibitor of centromere-associated
protein-E. Proc. Nat/ Acad. Sci. 107, 5839-5844, https://doi.org/10.1073/pnas.0915068107

Sikirzhytski, V., Renda, F., Tikhonenko, I., Magidson, V., McEwen, B.F. and Khodjakov, A. (2018) Microtubules assemble near most kinetochores during
early prometaphase in human cells. J. Cell. Biol. 217, 2647-2659, https://doi.org/10.1083/jch.201710094

Gudimchuk, N., Vitre, B., Kim, Y., Kiyatkin, A., Cleveland, D.W., Ataullakhanov, F.l. et al. (2013) Kinetochore kinesin CENP-E is a processive
bi-directional tracker of dynamic microtubule tips. Nat. Cell Biol. 15, 1079—1088, https://doi.org/10.1038/nch2831

Shrestha, R.L. and Draviam, V.M. (2013) Lateral to end-on conversion of chromosome-microtubule attachment requires kinesins cenp-e and MCAK.
Curr. Biol. 23, 1514-1526, https://doi.org/10.1016/j.cub.2013.06.040

Itoh, G., Ikeda, M., lemura, K., Amin, M.A., Kuriyama, S., Tanaka, M. et al. (2018) Lateral attachment of kinetochores to microtubules is enriched in
prometaphase rosette and facilitates chromosome alignment and bi-orientation establishment. Sci. Rep. 8, 3888,
https://doi.org/10.1038/s41598-018-22164-5

lemura, K. and Tanaka, K. (2015) Chromokinesin Kid and kinetochore kinesin CENP-E differentially support chromosome congression without end-on
attachment to microtubules. Nat. Commun. 6, 6447, https://doi.org/10.1038/ncomms7447

Drpic, D., Pereira, A.J., Barisic, M., Maresca, T.J. and Maiato, H. (2015) Polar Ejection Forces Promote the Conversion from Lateral to End-on
Kinetochore-Microtubule Attachments on Mono-oriented Chromosomes. Cell Rep. 13, 460-468, https://doi.org/10.1016/j.celrep.2015.08.008

Ye, A.A., Deretic, J., Hoel, C.M., Hinman, A.W., Cimini, D., Welburn, J.P.l. et al. (2015) Aurora A Kinase Contributes to a Pole-Based Error Correction
Pathway. Curr. Biol. 25, 1842-1851, https://doi.org/10.1016/j.cub.2015.06.021

McKenney, R.J., Huynh, W., Vale, R.D. and Sirajuddin, M. (2016) Tyrosination of «-tubulin controls the initiation of processive dynein-dynactin motility.
EMBO J. 35, 1175-1185, https://doi.org/10.15252/embj.201593071

Li, Y., Yu, W, Liang, Y. and Zhu, X. (2007) Kinetochore dynein generates a poleward pulling force to facilitate congression and full chromosome
alignment. Cell Res. 17, 701-712, https://doi.org/10.1038/cr.2007.65

Yang, Z., Tulu, U.S., Wadsworth, P. and Rieder, C.L. (2007) Kinetochore Dynein Is Required for Chromosome Motion and Congression Independent of
the Spindle Checkpoint. Curr. Biol. 17, 973-980, https://doi.org/10.1016/j.cub.2007.04.056

Barisic, M., Silva, E., Sousa, R., Tripathy, S.K., Magiera, M.M., Zaytsev, A.V., Pereira, A.L. et al. (2015) Microtubule detyrosination guides chromosomes
during mitosis. Science 348, 799-803, https://doi.org/10.1126/science.aaa5175

Thrower, D.A., Jordan, M.A., Schaar, B.T., Yen, T.J. and Wilson, L. (1995) Mitotic HeLa cells contain a CENP-E-associated minus end-directed
microtubule motor. EMBO J. 14, 918-926, https://doi.org/10.1002/j.1460-2075.1995.th07073.x

Neumann, E., Garcia-Saez, I., DeBonis, S., Wade, R.H., Kozielski, F. and Conway, J.F. (2006) Human Kinetochore-associated Kinesin CENP-E Visualized
at 17 A Resolution Bound to Microtubules. J. Mol. Biol. 362, 203-211, https://doi.org/10.1016/j.jmb.2006.07.042

Garcia-Saez, I., Yen, T., Wade, R.H. and Kozielski, F. (2004) Crystal structure of the motor domain of the human kinetochore protein CENP-E. J. Mol.
Biol. 340, 1107-1116, https://doi.org/10.1016/j.jmb.2004.05.053

Sardar, H.S., Luczak, V.G., Lopez, M.M., Lister, B.C. and Gilbert, S.P. (2010) Mitotic kinesin CENP-E promotes microtubule plus-end elongation. Curr.
Biol. 20, 1648-1653, https://doi.org/10.1016/j.cub.2010.08.001

Yardimci, H., van Duffelen, M., Mao, Y., Rosenfeld, S.S. and Selvin, P.R. (2008) The mitotic kinesin CENP-E is a processive transport motor. Proc. Nat.
Acad. Sci. U.S.A. 105, 6016-6021, https://doi.org/10.1073/pnas.0711314105

Rosenfeld, S.S., van Duffelen, M., Behnke-Parks, W.M., Beadle, C., Correia, J. and Xing, J. (2009) The ATPase cycle of the mitotic motor CENP-E. J.
Biol. Chem. 284, 32858-32868, https://doi.org/10.1074/jbc.M109.041210

Vitre, B., Gudimchuk, N., Borda, R., Kim, Y., Heuser, J.E., Cleveland, D.W. et al. (2014) Kinetochore-microtubule attachment throughout mitosis
potentiated by the elongated stalk of the kinetochore kinesin CENP-E. Mol. Biol. Cell 25, 1-26, https://doi.org/10.1091/mbc.e14-01-0698

McHugh, T., Gluszek, A.A. and Welburn, J.P.I. (2018) Microtubule end tethering of a processive kinesin-8 motor Kif18b is required for spindle
positioning. J. Cell Biol. 217, 2403-2416, https://doi.org/10.1083/jch.201705209

Mayr, M.I., Storch, M., Howard, J. and Mayer, T.U. (2011) A Non-Motor Microtubule Binding Site Is Essential for the High Processivity and Mitotic
Function of Kinesin-8 Kif18A. PLoS ONE 6, e27471, https://doi.org/10.1371/journal.pone.0027471

Weinger, J.S., Qiu, M., Yang, G. and Kapoor, T.M. (2011) A Nonmotor microtubule binding site in kinesin-5 is required for filament crosslinking and
sliding. Curr. Biol. 21, 154-160, https://doi.org/10.1016/j.cub.2010.12.038

Shastry, S. and Hancock, W.0. (2011) Interhead tension determines processivity across diverse N-terminal kinesins. Proc. Natl Acad. Sci. 108,
16253-16258, https://doi.org/10.1073/pnas.1102628108

Sardar, H.S. and Gilbert, S.P. (2012) Microtubule capture by mitotic kinesin centromere protein E (CENP-E). J. Biol. Chem. 287, 24894-24904,
https://doi.org/10.1074/jbc.M112.376830

Nicklas, R.B. (1983) Measurements of the force produced by the mitotic spindle in anaphase. J. Cell Biol. 97, 542-548,
https://doi.org/10.1083/jch.97.2.542

Gudimchuk, N., Tarasovetc E, V., Mustyatsa, V., Drobyshev, A.L., Vitre, B., Cleveland, D.W. et al. (2018) Probing Mitotic CENP-E Kinesin with the
Tethered Cargo Motion Assay and Laser Tweezers. Biophys. J. 114, 2640-2652, https://doi.org/10.1016/j.bpj.2018.04.017

Wan, X., Quinn, R.P.0., Pierce, H.L., Joglekar, A., Gall, W., Deluca, J. et al. (2009) Protein Architecture of the Human Kinetochore Microtubule
Attachment Site. Cell 137, 672—-684, https://doi.org/10.1016/j.cell.2009.03.035

Taveras, C., Liu, C. and Mao, Y. (2019) A tension-independent mechanism reduces Aurora B-mediated phosphorylation upon microtubule capture by
CENP-E at the kinetochore. Cell Cycle

Lombillo, V.A., Nislow, C., Yen, T.J., Gelfand, V.I. and Mclintosh, J.R. (1995) Antibodies to the kinesin motor domain and CENP-E inhibit microtubule
depolymerization-dependent motion of chromosomes in vitro. J. Cell Biol. 128, 107-115, https://doi.org/10.1083/jcb.128.1.107

(© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

«. 2 PORTLAND
09 press

323


https://doi.org/10.1073/pnas.0915068107
https://doi.org/10.1083/jcb.201710094 \ignorespaces 
https://doi.org/10.1038/ncb2831
https://doi.org/10.1016/j.cub.2013.06.040
https://doi.org/10.1038/s41598-018-22164-5
https://doi.org/10.1038/ncomms7447
https://doi.org/10.1016/j.celrep.2015.08.008
https://doi.org/10.1016/j.cub.2015.06.021
https://doi.org/10.15252/embj.201593071
https://doi.org/10.1038/cr.2007.65
https://doi.org/10.1016/j.cub.2007.04.056
https://doi.org/10.1126/science.aaa5175
https://doi.org/10.1002/j.1460-2075.1995.tb07073.x
https://doi.org/10.1016/j.jmb.2006.07.042
https://doi.org/10.1016/j.jmb.2004.05.053
https://doi.org/10.1016/j.cub.2010.08.001
https://doi.org/10.1073/pnas.0711314105
https://doi.org/10.1074/jbc.M109.041210
https://doi.org/10.1091/mbc.e14-01-0698
https://doi.org/10.1083/jcb.201705209
https://doi.org/10.1371/journal.pone.0027471
https://doi.org/10.1016/j.cub.2010.12.038
https://doi.org/10.1073/pnas.1102628108
https://doi.org/10.1074/jbc.M112.376830
https://doi.org/10.1083/jcb.97.2.542
https://doi.org/10.1016/j.bpj.2018.04.017
https://doi.org/10.1016/j.cell.2009.03.035
https://doi.org/10.1083/jcb.128.1.107

o = PORTLAND
09 rress

324

Essays in Biochemistry (2020) 64 313-324
https://doi.org/10.1042/EBC20190073

98 Powers, A.F., Franck, A.D., Gestaut, D.R., Cooper, J., Gracyzk, B., Wei, R.R. et al. (2009) The Ndc80 Kinetochore Complex Forms Load-Bearing
Attachments to Dynamic Microtubule Tips via Biased Diffusion. Cell 136, 865-875, https://doi.org/10.1016/j.cell.2008.12.045

99 Volkov, V.A., Huis in 't Veld, P.J., Dogterom, M. and Musacchio, A. (2018) Multivalency of NDC80 in the outer kinetochore is essential to track
shortening microtubules and generate forces. Elife 7, 36764, https://doi.org/10.7554/¢Life.36764

100 Helgeson, L.A., Zelter, A., Riffle, M., MacCoss, M.J., Asbury, C.L. and Davis, T.N. (2018) Human Ska complex and Ndc80 complex interact to form a
load-bearing assembly that strengthens kinetochore-microtubule attachments. Proc. Natl. Acad. Sci. 115, 2740-2745,
https://doi.org/10.1073/pnas.1718553115

101 Volkov, V.A., Grissom, P.M., Arzhanik, V.K., Zaytsev, A.V., Renganathan, K., McClure-Begley, T. et al. (2015) Centromere protein F includes two sites that
couple efficiently to depolymerizing microtubules. J. Cell Biol. 209, 813-828, https://doi.org/10.1083/jch.201408083

102 Monda, J.K., Whitney, I.P., Tarasovetc E, V., Wilson-Kubalek, E., Milligan, R.A., Grishchuk, E.L. et al. (2017) Microtubule Tip Tracking by the Spindle and
Kinetochore Protein Ska1 Requires Diverse Tubulin-Interacting Surfaces. Curr. Biol. 27, 3666—-3675.e6, https://doi.org/10.1016/j.cub.2017.10.018

103 Putkey, FR., Cramer, T., Morphew, M.K., Silk, A.D., Johnson, R.S., McIntosh, J.R. et al. (2002) Unstable kinetochore-microtubule capture and
chromosomal instability following deletion of CENP-E. Dev. Cell 3, 351-365, https://doi.org/10.1016/S1534-5807(02)00255-1

104 Chakraborty, M., Tarasovetc, E.V., Zaytsev, A.V., Godzi, M., Figueiredo, A.C., Ataullakhanov, F.l. et al. (2019) Microtubule end conversion mediated by
motors and diffusing proteins with no intrinsic microtubule end-binding activity. Nat. Commun. 10, 1-14,
https://doi.org/10.1038/s41467-019-09411-7

105 Musinipally, V., Howes, S., Alushin, G.M. and Nogales, E. (2013) The microtubule binding properties of CENP-E’s C-terminus and CENP-F. J. Mol. Biol.
425, 4427-4441, https://doi.org/10.1016/j.jmb.2013.07.027

106 Helenius, J., Brouhard, G., Kalaidzidis, Y., Diez, S. and Howard, J. (2006) The depolymerizing kinesin MCAK uses lattice diffusion to rapidly target
microtubule ends. Nature 441, 115-119, https://doi.org/10.1038/nature04736

107 Hannak, E. and Heald, R. (2006) Xorbit/CLASP links dynamic microtubules to chromosomes in the Xenopus meiotic spindle. J. Cell Biol. 172, 19-25,
https://doi.org/10.1083/jcb.200508180

108 Patel, K., Nogales, E. and Heald, R. (2012) Multiple domains of human CLASP contribute to microtubule dynamics and organization in vitro and in
Xenopus egg extracts. Cytoskeleton 69, 155-165, https://doi.org/10.1002/cm.21005

109 Maffini, S., Maia, A.R.R., Manning, A.L., Maliga, Z., Pereira, A., Junqueira, M. et al. (2009) Motor-Independent Targeting of CLASPs to Kinetochores by
CENP-E Promotes Microtubule Turnover and Poleward Flux. Curr. Biol. 19, 1566—1572, https://doi.org/10.1016/j.cub.2009.07.059

110 Hackney, D.D., Levitt, J.D. and Suhan, J. (1992) Kinesin Undergoes a 9S to 6S Conformational Transition. J. Biol. Chem. 267, 8696—8701

111 Coy, D.L., Hancock, W.0., Wagenbach, M. and Howard, J. (1999) Kinesin’s tail domain is an inhibitory regulator of the motor domain. Nat. Cell Biol. 1,
288-292, https://doi.org/10.1038/13001

112 Hammond, J.W., Cai, D., Blasius, T.L., Li, Z., Jiang, Y., Jih, G.T. et al. (2009) Mammalian Kinesin-3 motors are dimeric in vivo and move by processive
motility upon release of autoinhibition. PLoS Biol. 7, 0650—-0663, https://doi.org/10.1371/journal.pbio.1000072

113 Nousiainen, M., Silljé, H.H.W., Sauer, G., Nigg, E.A. and Kérner, R. (2006) Phosphoproteome analysis of the human mitotic spindle. Proc. Natl. Acad.
Sci. U.S.A. 103, 5391-5396, https://doi.org/10.1073/pnas.0507066103

114 Liao, H., Li, G. and Yen, T. (1994) Mitotic regulation of microtubule cross-linking activity of CENP-E kinetochore protein. Science 265, 394-398,
https://doi.org/10.1126/science.8023161

115 Dephoure, N., Zhou, C., Villén, J., Beausoleil, S.A., Bakalarski, C.E., Elledge, S.J. et al. (2008) A quantitative atlas of mitotic phosphorylation. Proc.
Natl. Acad. Sci. U.S.A. 105, 10762-10767, https://doi.org/10.1073/pnas.0805139105

116 Santamaria, A., Wang, B., Elowe, S., Malik, R., Zhang, F., Bauer, M. et al. (2011) The Plk1-dependent Phosphoproteome of the Early Mitotic Spindle.
Mol. Cell. Proteomics 10, M110.004457, https://doi.org/10.1074/mcp.M110.004457

(© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).


https://doi.org/10.1016/j.cell.2008.12.045
https://doi.org/10.7554/eLife.36764
https://doi.org/10.1073/pnas.1718553115
https://doi.org/10.1083/jcb.201408083
https://doi.org/10.1016/j.cub.2017.10.018 \ignorespaces 
https://doi.org/10.1016/S1534-5807(02)00255-1
https://doi.org/10.1038/s41467-019-09411-7
https://doi.org/10.1016/j.jmb.2013.07.027
https://doi.org/10.1038/nature04736
https://doi.org/10.1083/jcb.200508180
https://doi.org/10.1002/cm.21005
https://doi.org/10.1016/j.cub.2009.07.059
https://doi.org/10.1038/13001
https://doi.org/10.1371/journal.pbio.1000072
https://doi.org/10.1073/pnas.0507066103
https://doi.org/10.1126/science.8023161
https://doi.org/10.1073/pnas.0805139105
https://doi.org/10.1074/mcp.M110.004457

