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ARTICLE INFO ABSTRACT
Article history: Kinesin motor proteins comprise an ATPase superfamily that works hand in hand with microtubules in every
Accepted 2 August 2013 eukaryote. The mitotic kinesins, by virtue of their potential therapeutic role in cancerous cells, have been a
Available online xxxx major focus of research for the past 28 years since the discovery of the canonical Kinesin-1 heavy chain. Perhaps
) the simplest player in mitotic spindle assembly, Kinesin-5 (also known as Kif11, Eg5, or kinesin spindle protein,
Iﬁ;’:’g ?;ds' KSP) is a plus-end-directed motor localized to interpolar spindle microtubules and to the spindle poles.
ATP hydrolysis Comprised of a homotetramer complex, its function primarily is to slide anti-parallel microtubules apart from
Mitosis one another. Based on multi-faceted analyses of this motor from numerous laboratories over the years, we
Eg5 have learned a great deal about the function of this motor at the atomic level for catalysis and as an integrated
KSP element of the cytoskeleton. These data have, in turn, informed the function of motile kinesins on the whole,

Allosteric inhibition as well as spearheaded integrative models of the mitotic apparatus in particular and regulation of the
microtubule cytoskeleton in general. We review what is known about how this nanomotor works, its place inside

the cytoskeleton of cells, and its small-molecule inhibitors that provide a toolbox for understanding motor

function and for anticancer treatment in the clinic.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Kinesins are the smallest and most abundant nanomotor in cells and
the only canonical motor protein that is ubiquitous in all eukaryotes. Like
dynein and myosin, these proteins hydrolyze ATP and convert chemical
energy into mechanical energy. This permits transport and movement
along the cytoskeletal track. Of the >16 different kinesin isoforms
(Wickstead and Gull, 2006), Kinesin-5 (BimC/Eg5/N-2/Kif11) family
members were the first identified to be essential in mitosis. Genetic
analysis provided the initial insight into the key mitotic role of this
motor family. In the search for strains that were defective in cellular

Abbreviations: KSP, kinesin spindle protein; ATP, adenosine-5'-triphosphate; KHC,
kinesin heavy chain; kDa, kilodalton; MT, microtubule; STC, S-trityl-L-cysteine; CDK1,
cyclin-dependent kinase 1; RNAI, ribonucleic acid interference; AP1, activator protein 1;
siRNA, small interfering ribonucleic acid; GTP, guanosine-5'-triphosphate; Traf4, tumor
necrosis factor receptor associated factor 4; XPF, Xeroderma pigmentosum group F;
DNA, deoxyribonucleic acid; ADP, adenosine diphosphate; P;, inorganic phosphate; P
loop, phosphate-binding loop; NTPases, nucleotide triphosphatases; PDB, Protein
DataBank; AMPPNP, adenosine-5'-([3,y-imido)triphosphate; NTP, nucleotide triphos-
phate; cryo-EM, cryo-electron microscopy; pN, piconewton; L5, loop 5; NER, nucleotide
excision repair; ICL, interstrand DNA cross-linking; NCBI, National Center for
Biotechnology Information; RefSeq, Reference Sequence; DMSO, dimethyl sulfoxide;
dsRNAI, double stranded ribonucleic acid interference; GFP, green fluorescent protein.
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division at a restrictive temperature, screens of fungal libraries and
fission yeast uncovered BimC (Enos and Morris, 1990) and Cut7
(Hagan and Yanagida, 1990), respectively, in the early 1990s. These
mutants had malfunctions in spindle pole body separation and nuclear
division and were unable to undergo mitosis. Cloning and se-
quencing of these mutants (Hagan and Yanagida, 1990; Kashina
et al.,, 1997) revealed that the gene product encoded a 130 kDa
protein with high similarity to the conventional kinesin (KHC/
Kinesin-1) involved in motility in squid and mammalian brains.
Similarly, simultaneous loss of function in Cin8p and Kiplp in
Saccharomyces cerevisiae revealed a redundant function of these
Kinesin-5 family members for spindle assembly (Hoyt et al.,
1992; Roof et al., 1992).

The gene family has expanded from the early days of the molecular
and bioinformatics era. Many groups (Bannigan et al., 2007; Bishop
et al, 2005; Blangy et al, 1995; Chauviere et al., 2008; Heck et al.,,
1993; Hoyt et al,, 1992; Sawin et al., 1992; Tihy et al., 1992) initially
identified orthologs in Xenopus, S. cerevisiae, Drosophila melanogaster,
Homo sapiens, Mus musculus, and Caenorhabditis elegans (Table 1).
Currently, there are over 70 different Kinesin-5 proteins identified by
sequence homology in 66 eukaryotes (Fig. 1). Subsequently classified
as the Kinesin-5 family (Lawrence et al., 2004), this group of related
kinesins localizes to spindle microtubules and structures present at
spindle poles.

The Kif11 gene product has four domains (Fig. 2A), three of which are
assigned to roles resulting in differentiation of kinesin function. An N-

10.1016/j.gene.2013.08.004

Please cite this article as: Wojcik, E.J., et al., Kinesin-5: Cross-bridging mechanism to targeted clinical therapy, Gene (2013), http://dx.doi.org/



http://dx.doi.org/10.1016/j.gene.2013.08.004
mailto:ewojci@lsuhsc.edu
mailto:skim3@lsuhsc.edu
http://dx.doi.org/10.1016/j.gene.2013.08.004
http://www.sciencedirect.com/science/journal/03781119
http://dx.doi.org/10.1016/j.gene.2013.08.004
http://dx.doi.org/10.1016/j.gene.2013.08.004

2 EJ. Wojcik et al. / Gene xxx (2013) XXx—-xXX

Table 1
Members of the Kinesin-5 family from different eukaryotes and their roles.
Organism Protein abbreviation ~ Subcellular Function % ldentity to NCBI
localization human ortholog  gene ID
A. nidulans BimC Not determined Assembly of spindle microtubule array & 54% 2874347
separation of spindle pole bodies
D. discoideum Kif13 Not determined Not essential for mitosis, but mutation slightly 33% 8626583
increases rate of spindle elongation
S. pombe Cut7 Near spindle pole bodies ~ Assembly of mitotic spindle microtubule arrays 48% 2542732
& spindle MTs
S. cerevisiae Kip1 Spindle MTs Redundant with Cin8 36% 852216
S. cerevisiae Cin8 Spindle MTs Separation of spindle pole bodies & assembly of spindle MTs 41% 856648
X. laevis Eg5-1 Meiotic spindle MTs Bipolar spindle assembly in vitro at meiotic and mitotic extracts 89% 379112
C. elegans BMK-1 Spindle MTs Not essential, but mutation results in reduced fecundity/meiotic defects 52% 179948
H. sapiens HsEg5 Spindle, poles Mitotic centrosome separation and bipolar spindle assembly 100% 3832
D. melanogaster ~ KIp61F Mitotic spindle MTs Mitotic centrosome separation and bipolar spindle assembly 60% 38135
M. musculus Kif11/Knsl1 Not determined Essential in early mouse development 97% 16551

terminal globular motor domain performs conserved functions of
binding microtubules (MTs) and nucleotide hydrolysis. Variations in
sequence in the tail, interrupted coiled-coil region, and neck-linker/
cover neck (Hesse et al., 2013) are thought to dictate how these motor
proteins bind specific cargo, have particular oligomerization states, and
control directionality of net motion of the motor domain, respective-
ly. Unlike the canonical dimeric kinesin motors, electron microscopy
showed that native Kinesin-5 proteins are bipolar homotetramers
(Blangy et al., 1995; Cole et al., 1994), with their motor domains
positioned at the ends of the tetramer's long axis. The arrangement
of two sets of antiparallel dimers is hypothesized to result in
Kinesin-5 motors crosslinking and sliding antiparallel microtubules
(Fig. 2B).

The human Eg5 gene product (HsEg5) is of particular interest
amongst the Kinesin-5 proteins, because of its potential as a therapeutic
target for cancer treatment. It is sensitive to a battery of small-molecule
inhibitors (DeBonis et al., 2004; Hotha et al., 2003; Luo et al,, 2007)
that allosterically block Eg5 activity (DeBonis et al., 2003; Maliga et al.,
2002). The specificity of these synthetic inhibitors is exceptional:
although all eukaryotic organisms examined to date contain at least
one Kinesin-5 protein, not all Kinesin-5 proteins are sensitive to
these compounds (DeBonis et al., 2003; Maliga et al., 2002). Of the
inhibitors most frequently employed, monastrol (Mayer et al., 1999)
and S-trityl-L-cysteine [STC; (DeBonis et al, 2003)], were uncovered
from independent chemical screens, inclusive for mitotic inhibition and
exclusive for microtubule interactions. They induced mitotic arrest in
human tissue culture cells by inhibiting Eg5-dependent MT motility
(Kapoor et al., 2000; Mayer et al., 1999) and resulted in a spectacular
reorganization of the mitotic spindle to aberrant monoastral form with
no apparent effect on interphase MT arrays (Fig. 3). Failure either in
chromosome segregation or in the timing of cell division events can
result in aneuploidy that is strongly linked with developmental defects
and cancer (Kops et al., 2005).

The discovery of these chemical inhibitors of HsEg5 is important on
two fronts. First, they can be used as tools to dissect mechanotransduction
in this mitotic kinesin and provide answers to still open questions of
how catalysis is used and converted into force and motion. Second,
numerous small-molecule agents that solely target this human
mitotic Kinesin-5 protein with high specificity are leads for anti-
cancer therapy; several are in trials as clinical anti-cancer agents
[for example, see (Carol et al., 2009; Kathman et al., 2007; Purcell
et al., 2010)].

2. Cellular functions of Kinesin-5

Kinesin-5 motors assemble into a bipolar homotetrameric struc-
ture that is capable of modulating the dynamics and organization

of eukaryotic microtubule arrays (Kashina et al., 1996). Although
an essential role for this enzyme in mitosis has been the focus of
considerable research effort, recent data also implicate this motor
in certain processes within non-dividing cells, such as neurons.
Although classical genetic analysis of Kinesin-5 family members
has pioneered the investigation of the mitotic role of this motor, re-
cently developed small chemical inhibitors of this enzyme have both
enabled finer dissection of this motor's role in mitosis and opened
new avenues of investigation in post-mitotic cells.

2.1. Mitotic roles of Kinesin-5

The mitotic function of Kinesin-5 in higher eukaryotes began to be
established through groundbreaking analyses including in vitro experi-
ments performed in Xenopus oocyte extracts (Sawin et al., 1992) and
in vivo genetic mutational analysis of the KIp61F locus in Drosophila
(Garcia et al,, 2009; Heck et al., 1993; Wilson et al,, 2004). Both ap-
proaches yielded the first observations of the now classical Kinesin-5
loss-of-function phenotype including a mono-polar spindle due to
failure of centrosome separation, and the resulting radial array of
microtubules with chromosomes distributed along the circumference
(for example, Fig. 3). To date, for all eukaryotes examined, with the
exceptions of C. elegans and Dictyostelium discoideum wherein the
motor is required for normal cell division, but not essential, Kinesin-5
activity is essential to assemble the mitotic spindle. The BMK-1
locus of C. elegans Kinesin-5, truncated downstream of the N-
terminal motor domain, was found to be dispensible for mitosis,
while somehow negatively impacting meiosis to result in reduced
fecundity of mutant animals (Bishop et al., 2005). A more complete
deletion within the D. discoideum Kinesin-5 gene (kif13) showed a
measurable perturbation of spindle assembly, but otherwise did
not appear to impair mitosis, or colony growth, in this organism
(Tikhonenko et al., 2008).

The discovery that Kinesin-5 motors assemble into bipolar
homotetramers (Kashina et al., 1996) gave birth to the idea that these
motors support spindle pole separation by sliding antiparallel microtu-
bules, emanating from the two poles, relative to one another (Ferenz
et al., 2010; Kapoor and Mitchison, 2001; Kashina et al., 1996, 1997;
Kwok et al,, 2004; Sawin and Mitchison, 1991b; Sawin et al., 1992;
Sharp et al., 1999). Furthermore, loss of function in Kinesin-5 would
therefore lead to unseparated spindle poles or centrosomes, and con-
comitant collapse of spindle microtubule bundles with chromosomes
radially arranged. However, these loss-of-function mutation or inhibito-
ry antibody injection experiments suffer from limitations in the timing
and extent of inhibition of motor activity, and thereby are limited
in their ability to tease more detailed functional information. Note,
however, that a divergent Kinesin-5 in budding yeast, Cin8p, can
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depolymerize microtubules from their plus ends (Gardner et al.,
2008). While such an activity has not yet been described in
Kinesin-5 motors of higher eukaryotes, if it exists it would have a
significant impact on the development of mitotic spindle assembly
models.

Kinesin-5 localization in the mitotic spindle in a variety of systems
supports a direct role for this motor in driving the assembly of bipolar
spindles (Blangy et al., 1995; Sawin et al., 1992; Sharp et al., 1999). The
association of Kinesin-5, in most cases, is regulated by phosphorylation
of a C-terminal cassette containing a CDK1 kinase consensus (Sawin
and Mitchison, 1995; Sharp et al,, 1999), or, in the case of C. elegans, an
Aurora B kinase consensus (Bishop et al., 2005). Closer inspection of
Kinesin-5 within the spindle finds the motor likely associated preferen-
tially with antiparallel microtubules (Kapitein et al., 2005; Wildenberg
et al,, 2008). However, the observed affinity for Kinesin-5 with antiparal-
lel microtubules appears to be somewhat at odds with its physical

localization within the spindle, wherein its concentration increases
toward the poles that are thought to harbor a lower density of antiparal-
lel microtubules.

Furthermore, analysis by speckle microscopy finds Eg5 to dynamical-
ly associate with the lattice, with quite short dwell times, and exhibits
relatively little motility with respect to the spindle microtubules
(Cheerambathur et al., 2008; Gable et al., 2012; Groen et al., 2008;
Kapoor and Mitchison, 2001). These observations suggest the possibility
that Kinesin-5 may interact with as-of-yet undefined spindle matrix,
which forms an independent scaffold that supports the motor while
sliding apart microtubules in the spindle (Kapoor and Mitchison, 2001;
Tsai et al.,, 2006; Uteng et al., 2008). In contrast, the unphosphorylated
motor does not appear to interact strongly with microtubules in cells
and assumes a diffuse localization through the cytoplasm.

Taken together, these data imply a complex regulation of Kinesin-5
activity within sub-domains of the spindle, which currently remains an
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Fig. 1. Phylogenetic relationship between Kinesin-5 proteins. The phylogenetic analysis is shown as a polar dendrogram with individual sequences labels arranged radially. Seventy-four
Kinesin-5 motor domain protein sequences were analyzed by the maximum likelihood, co-estimation method, SATé (Liu et al., 2009). The sequences are labeled with an NCBI Gl identifier,
protein name (if known), residues corresponding to the motor domain, followed by genus and species. Sequences included were identified from a kinesin phylogeny (Wickstead et al.,
2010) and by the National Center for Biotechnology Information (NCBI) protein database Reference Sequence (RefSeq). The multiple sequence alignment and maximum likelihood
phylogeny were co-calculated by SATé (Liu et al., 2009, 2012). SATé called user defined sequence alignment [MAFFT 6.717; (Katoh et al., 2002)], merger [OPAL 1.0.3; (Wheeler and
Kececioglu, 2007)], and phylogeny algorithms [FASTTREE 2.1.4; (Price et al., 2010)]. The decomposition strategy was set to centroid with a maximum subproblem size of 37 sequences.
Calculations were allowed to run for a total of 20 iterations without improvement in the maximum likelihood score. Following the final iteration, a final RAXML (Stamatakis, 2006)
phylogeny was calculated. Final maximum likelihood score for the phylogeny was —22525.88. FigTree v1.3 was used for visualization.
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Fig. 2. Sequence, function, and structure of Kinesin-5 proteins. (A) Linear sequence organization and general structure of the domains within one kinesin molecule are shown at the bottom
of the panel. The asterisk and pound signs highlight the position of the cover neck and the necklinker, respectively. Dimer and tetramer organization of the Kinesin-5 proteins is also drawn.
(B) Cartoon representation of the mitotic spindle and the tetrameric Eg5 molecules cross-bridging spindle microtubules. (C) Two views of the HsEg5 motor domain crystal structure (PDB
3HQD) rotated approximately 120° relative to each other. A non-hydrolyzable AMPPNP molecule is bound in the active site. Highlighted are the L5 loop (green), central beta sheet (dark
gray), necklinker (black), and the a4 helix (blue). The left and right panels orient the active-site and the microtubule-binding site of HsEg5 to the reader, respectively.

area of intense speculation. Intriguing hints for a regulatory machinery
that may interact with Kinesin-5 and regulate its function is suggested
by experiments that isolate Kinesin-5 in complex with a variety of micro-
tubule associated proteins (Gable et al,, 2012; Iwakiri et al., 2013; Ma
et al, 2011; Uteng et al,, 2008; Wang et al.,, 2010), modified by protein
kinases (Garcia et al., 2009; Rapley et al., 2008), or in association with
other cell division protein complexes (Tan et al., 2012). The putative
functional relationships of these players remain to be determined,
although in each case some interplay or synergism with mitotic outcome
is apparent.

In addition, the Kinesin-5 motor domain displays two different types
of interactions with microtubules. Through a round of its mechano-
chemical cycle, Kinesin-5 alternately exhibits a high affinity bound state
to microtubules as well as a low affinity release state. However, several
labs have found that it can also assume an intermediate bound state
that is permissive for one-dimensional diffusion along the microtubule
lattice and that does not require the motor to consume ATP (Crevel
et al., 2004; Kwok et al., 2006; Weinger et al., 2011). It is possible that
this unusual state plays a role in the activation of Kinesin-5 activity
upon binding across anti-parallel microtubules (Kapitein et al., 2008).
How these behaviors contribute to the motor's function in the mitotic
spindle has yet to be elucidated.

A pioneering approach utilizing chemical genetics provided the
tools needed to more carefully probe the role of Kinesin-5 in mitosis.
Mayer et al. (1999) used a novel chemical genetic approach to discover
monastrol, the first of many small chemical inhibitors of human

Kinesin-5. Exhibiting exquisite selectivity and high potency, monastrol
provides a tool capable of stopping HsEg5 ATPase activity at any point
during mitosis. Spurred by the potential of HsEg5 inhibitors as anti-
cancer agents, numerous alternative compounds with even higher
potency and selectivity have since been developed [reviewed in (EI-
Nassan, 2013)]. Using these new tools to probe HsEg5 function in
mitosis, several investigators found that while HsEg5 function is critical
for the separation of centrosomes in mammalian cells during prophase,
it appears to be dispensable for the maintenance of the metaphase
spindle and subsequent anaphase chromosome movements (Blangy
et al,, 1995; Kapoor et al., 2000). In contrast, in yeast temperature-
sensitive mutants or spindles assembled in Xenopus extracts, inhibition
of Kinesin-5 function at metaphase results in spindle collapse (Kapoor
et al, 2000; Saunders and Hoyt, 1992). These different outcomes
suggest differences between model systems in the degree to which
certain functions of Kinesin-5 can be compensated by other machinery.
For example, in mammalian cells, Kinesin-12 appears to be critical for
maintaining spindle integrity at metaphase in the background of
Kinesin-5 inhibition, while this redundancy is lacking in Xenopus
spindles assembled in vitro (Florian and Mayer, 2011; Tanenbaum
et al.,, 2009). A recent report finds that mitotic spindle bipolarity and
function can be restored in mammalian cells suffering from knockdown
of residual Kinesin-5 by RNAi (Raaijmakers et al., 2012). However, in
this case the cells had undergone selective pressure in the presence of
increasing Kinesin-5 inhibitor prior to the knockdown, thus accumulat-
ing unknown mutations permitting their survival. Still, the cells can

10.1016/j.gene.2013.08.004
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Fig. 3. Inhibition of Kinesin-5 by small-molecule inhibitor or knockdown in eukaryotic cells. (A) Chemical structure of monastrol and S-trityl-L-cysteine (STC), which are two allosteric
inhibitors of human Kinesin-5. After seeding at a density of 1 x 10° cells and a 24 h incubation, human HelLa cells were treated with either (B) DMSO or (C) 1 mM STC. Rounded cell
shape is diagnostic of live cells in metaphase. From cell counts, 4% of DMSO-treated cells were in metaphase, whereas 43% of STC-treated cells were in metaphase after a 12 hour-long
incubation with this drug. Images (B-C) were acquired using a Nikon ELWD 0.3 phase contrast microscope under 10X magnification. Kinesin-5 (Klp61F) dsRNAi knockdown in Drosophila
S2 cells expressing tubulin-GFP prevented morphogenesis of bipolar spindles and, instead, exhibited mono-polar arrays. (D) Confocal fluorescence images of living S2 cells expressing
tubulin-GFP after dsRNAi knockdown of native KIp61F. The green (GFP) channel of cells displaying aberrant mono-polar mitosis is shown. (E) Red channel of cells in Panel D showing
no detectable expression of KIp61F-mKATE chimera. (F) Merge of panels D and E. (G) Tubulin-GFP expression in KIp61F dsRNAI cells transfected with Klp61F-mKATE chimera. Shown
is a confocal image of a rescued bipolar spindle in a living transfected cell. (H) Red channel of cells in panel G showing Klp61F-mKATE localization in transfected cells, with untransfected
cells nearby. (I) Merge of panels G and H. Images (D-I) were acquired using a Zeiss Axiovert 200 inverted microscope equipped with a Yokogawa spinning disk confocal accessory.

10 x 63x/1.4 oil DIC.

divide in the near absence of Kinesin-5 activity, perhaps using a
mechanism similar to that operating in C. elegans (Bishop et al., 2005).

These experiments led to models of ‘force balance’ within the spindle
composed of opposing motor proteins striving to reach a balance while
simultaneously coupled to machinery that regulates microtubule
assembly and disassembly (Dumont and Mitchison, 2009). The idea
that microtubule-sliding mechanisms may be crucial for mitotic spindle
assembly was first described by Mclntosh et al. (1969). The anti-parallel
microtubule sliding capability of Kinesin-5 rapidly became a cornerstone
of refined versions of this model. Kinesin-5 had initially been proposed
to promote spindle assembly and stability upon reaching a mechanical
force ‘balance point’ against equivalent counteracting minus-end
directed microtubule sliding motors, including both Kinesin-14 and
dynein complex (Cytrynbaum et al., 2005). This proposed interaction
predicts a mechanism for the assembly of a bipolar spindle from the
bundling and sliding of antiparallel microtubules, but does not explain
overall steady-state spindle length or size. Currently, this model
remains controversial, and a convincing link between force-producing

motors and spindle size has proven inconsistent across different systems
(Goshima et al., 2005; Mitchison et al., 2005; Miyamoto et al., 2004;
Saunders et al, 1997). Furthermore, recent advances in imaging
technology suggests that much of the data supporting models that
incorporate microtubule motors as engines providing opposing mechan-
ical force may be an artifact of the ‘end point’, or snapshot, analysis of
fixed cells typically used in these studies. For example, recent live-cell,
time-lapse analyses revisiting this question conclude that dynein and
Kinesin-5 instead operate independently of one another in spindle
morphogenesis and exhibit additive rather than synergistic effects, and
specifically rules out a simple mechanical ‘force balance’ explanation
(Florian and Mayer, 2012).

While the contribution of a mechanical balance of opposing forces in
spindle morphogenesis has become unclear, the coupling of motors to
spindle microtubule dynamics has solidified. Originally suggested as a
key mechanism for spindle morphogenesis by Inoué and Sato (1967),
the idea that microtubule dynamics, and a mechanism that controls
the polymerization and depolymerization of microtubules, would be

10.1016/j.gene.2013.08.004
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crucial for spindle morphogenesis initially took a back seat due to the
discovery of microtubule sliding motors. Support for this model came
from the discovery of microtubule flux toward the poles (Sawin and
Mitchison, 1991a). Analogous to tubulin treadmilling, microtubules
move toward the spindle poles, where they are depolymerized via their
minus ends by depolymerase complexes, and maintain a steady-state
length or composition by a matching net polymerization of microtubules
at the spindle midzone. Kinesin-5 plays a well-established role in driving
microtubule flux toward spindle poles in many systems, flux that is
matched by microtubule depolymerizing activity at the spindle poles
(Desai et al,, 1998; Dhonukshe et al, 2006; Ferenz and Wadsworth,
2007; Gaetz and Kapoor, 2004; LaFountain et al., 2004; Maddox et al.,
2002; Mitchison, 1989; Mitchison and Salmon, 1992; Miyamoto et al.,
2004; Sawin and Mitchison, 1991a; Yang et al., 2008; Zhai et al., 1995).
A functional linkage between Kinesin-5 mediated microtubule flux and
a spindle pole microtubule depolymerase has been reinforced by the
observation that exogenous microtubule depolymerizing agents can
compensate for inhibition of Kinesin-5 and restore spindle bipolarity
(Florian and Mayer, 2011; Kollu et al., 2009).

Taken altogether, it appears that the function of Kinesin-5 in the
mechanism of assembly of the mitotic spindle is likely rather more
complicated than currently imagined, and will require a more detailed
anatomy of the spindle and additional tools to decipher. Although several
spindle assembly models have been developed that attempt to integrate
the regulation of microtubule dynamics together with force-producing
motors (Dumont and Mitchison, 2009; Goshima and Scholey, 2010;
Mogilner and Craig, 2010), lacking are comprehensive anatomy and
construction details of mitotic spindles which are crucial to model refine-
ment. However, fine dissection of microtubule dynamics throughout the
mitotic spindle is a current focus of spindle research [e.g. (Brugués et al.,
2012)], which should help inform such integrative models and help
reach a consensus.

Less clear is any functional involvement by Kinesin-5 in post-
metaphase aspects of mitosis. Localization data, including time lapse im-
aging of dynamic Kinesin-5 behavior, clearly show dynamic Kinesin-5
localization in the spindle midzone, and subsequently in the midbody
of dividing insect and mammalian culture cells (Blangy et al., 1995;
Brust-Mascher et al., 2009; Gable et al., 2012; Sawin and Mitchison,
1995; Whitehead and Rattner, 1998; Wilson, 1999). However,
correlating these localization data of Kinesin-5 to various central spindle
and midbody structures to specific functional deficits has proved elusive.
At issue is that mutations in Kinesin-5 in Drosophila or budding yeast
(Garcia et al., 2009; Heck et al, 1993; Hildebrandt et al., 2006;
Saunders and Hoyt, 1992; Wilson et al., 2004) fail to progress past
metaphase to reveal any reliable post-metaphase functionality for this
motor. Later studies that reduced Kinesin-5 function by antibody injec-
tion into Drosophila embryos found an effect on anaphase-B movements
and chromosome motility (Brust-Mascher et al., 2009; Sharp et al., 1999,
2000) but these data rely on the assumption that low antibody concen-
trations do not subtly disrupt the metaphase spindles in these studies,
thereby altering subsequent anaphase behavior. That subtle spindle
defects in this system could alter post-metaphase events are evident in
dynein perturbations (Robinson et al., 1999; Sharp et al., 1999, 2000).
Moreover, allosteric inhibition of mammalian Kinesin-5 with drug
administration to metaphase cells does not subsequently exhibit
aberrant mitotic completion or exit (Blangy et al., 1995; Kapoor et al.,
2000). Elucidation of any role for Kinesin-5 in post-metaphase events
of mitosis awaits an analysis of post-metaphase loss of function in
Kinesin-5, perhaps facilitated by allosteric chemical inhibitors.

2.2. Kinesin-5 in post-mitotic cells

Although the function of Kinesin-5 in mitosis has dominated the
literature, a small yet growing line of investigation of potential non-
mitotic roles for Kinesin-5 has been accumulating. Due, in part, to being
masked by its essential role in mitosis in most eukaryotes, potential

post-mitotic functions of Kinesin-5 remain difficult to ascertain with
classical genetic approaches. The advent of small chemical inhibitors
of Kinesin-5 opened this new avenue of investigation by permitting
Kinesin-5 inhibition within post-mitotic cells. Mammalian Kinesin-5
exhibits diffuse cytoplasmic localization in non-dividing cells without
any clear enrichment on microtubule bundles (Levesque and Compton,
2001; Rapley et al., 2008). Indeed, upon the discovery of the first small
chemical inhibitor of Kinesin-5, monastrol, it was observed that the
compound failed to elicit any clear interphase microtubule abnormalities
within an immortalized epithelial kidney cell line (BS-C-1), which
showed no ill effects of exposure until initiation of mitosis (Mayer et al.,
1999). It was argued, based on these observations, that Kinesin-5 played
a limited role, if any, in the organization or function of the interphase
microtubule cytoskeleton.

However, an earlier study found HsEg5 to be enriched within
dividing and, importantly, a variety of post-mitotic developing neurons
(Ferhat et al., 1998). Subsequent investigations using the newly
developed small molecule inhibitors revealed a variety of developmen-
tal effects ranging from neuronal growth cone extension and navigation,
to neuronal migration (Haque et al., 2004; Yoon et al., 2005). Bolstered
by complementary approaches using RNAi, overexpression of
wildtype and mutant Kinesin-5, and optical ablation studies, mount-
ing evidence supports important roles for Kinesin-5 in neurons
(Falnikar et al., 2011; Myers and Baas, 2007; Nadar et al., 2008,
2012). It is currently proposed that Kinesin-5 function is required
to modulate the transport of microtubules along axons and into
growth cones in collaboration with cytoplasmic dynein. Loss of func-
tion in Kinesin-5 promotes abnormal transport of microtubules and
their extension into growth cones, thereby inhibiting growth cone
movement and navigation.

Taken together, the data offer a cautionary tale concerning the
potential use of HsEg5 inhibitors as anticancer agents, warning of
potential collateral neuropathies that may result (see Translational
studies below). However, the majority of data linking Kinesin-5 to
neuronal function is taken from in vitro experiments. Thus far, peripher-
al neuropathy is reported in a small fraction of total toxicity analyses of
Kinesin-5 inhibitors used in recent trials (El-Nassan, 2013; Huszar et al.,
2009) with the dose-limiting toxicity in all the trials to date associated
instead with severe neutropenia. As a result, this line of investigation
awaits approaches that extend the in vitro observed role of Kinesin-5
in neuronal development to a living system so the in vivo role for neu-
ronal Kinesin-5 will be evident.

2.3. Regulation of Kinesin-5 function

It is estimated that there are nearly 90,000 experimentally identified
posttranslational modifications and 230,000 putative modifications
existing on nearly 540,000 proteins (Khoury et al., 2011). Of the 431
identified posttranslational modifications, phosphorylation is most
frequently found. Nearly 30% of all proteins in the human proteome
are subject to phosphorylation at some point in the cell cycle (Cohen,
2000). Many of these phosphorylation events occur in mitosis, which
activate or inactivate proteins temporally and spatially in the cell.
Since Kinesin-5 is required for normal mitotic progression, it is no
surprise that it requires some form of regulation either by phosphoryla-
tion or otherwise to perform its proper tasks.

2.3.1. Regulation via post-translational modifications in the C-terminal tail
domain

In the initial characterization of Kinesin-5, a TGXTPXK/RR motif was
identified within the evolutionarily conserved BimC box and hypothe-
sized to be a site for phosphorylation by several potential serine/
threonine protein kinases (Heck et al., 1993). Further characterization
of this conserved motif showed that either T937A or T937E mutations
within the motif abolished XIEg5 localization to the mitotic spindle in
Xenopus A6 cells, while, in contrast, a T937S mutation preserved this
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Fig. 4. Experimentally identified phosphorylation sites on Kinesin-5. (A) Phosphosites of
HsEg5 (black text) and BMK-1 (gray text) that are required to regulate Kinesin-5 function.
(B) Additional phosphosites identified in human, Drosophila, and Xenopus in which their
role in regulation is undetermined. Cartoon representation of Kinesin-5 linear sequence
(gray rectangle) with phosphorylation sites (green spheres) in approximate location
with motor, stalk or tail domains.

localization, arguing the importance of this threonine to the regulation
of this motor (Sawin and Mitchison, 1995). Thr937 was postulated to
be a Cdk1 (cyclin dependent kinase 1) consensus site and its phosphor-
ylation may regulate Kinesin-5 localization to spindle microtubules in a
cell cycle-dependent manner. Subsequent work in HeLa cells extended
these results to the human enzyme, HsEg5, which was found to be phos-
phorylated at an equivalent site, Thr926, by Cdk1 (Blangy et al., 1995;
Olsen et al., 2010). Phosphorylation by this kinase was determined to
be directly responsible for the motor's association with the spindle
apparatus in early prophase. These findings were also later confirmed
in several Kinesin-5 family members both in vivo and in vitro with the
exceptions of BMK-1 and Cut7 (Cahu et al., 2008; Chee and Haase,
2010; Giet et al.,, 1999; Sharp et al., 1999; Smith et al,, 2011). In the
case of Cut7, phosphorylation of this domain is not required for its
association with the spindle (Drummond and Hagan, 1998). On the
other hand, BMK-1 lacks a BimC box, but nonetheless is phosphorylated
at analogous C-terminal residues that regulate its localization to the
spindle (Bishop et al., 2005).

Kinesin-5 was determined to have additional sites of phosphoryla-
tion within its tail domain; however, only one of which has had a func-
tion ascribed. Phosphorylation at Ser1033 was identified as necessary
for normal mitotic progression (Rapley et al., 2008). Mutating this
residue did not interfere with Kinesin-5 binding to the mitotic spindle
but did affect spindle bipolarity. Notably, phosphorylation at Ser1033
occurred on only a small subset (~3%) of the total spindle-associated
Kinesin-5. This supports the possibility that there are distinct pools of
Kinesin-5 that perform different tasks in cells, and is consistent with
prior speculation (Uteng et al., 2008). Finally, proteomics studies identi-
fied several phosphosites (Fig. 4) beyond residues corresponding to
Thr926 and Ser1033 in HsEg5, but no further analysis has been
performed to characterize their potential role in functional regulation
(Bodenmiller et al., 2007; Nousiainen et al., 2006; Zhai et al., 2008).

2.3.2. Regulation via post-translational modifications of the stalk/
oligomerization domain

Regulation via the stalk domain was reported in Xenopus studies
(Cahu et al.,, 2008; Giet et al., 1999). In these studies, a non-conserved
serine residue within the Kinesin-5 stalk was reported to be the target
of Aurora A kinase phosphorylation. In both studies, a regulatory role
for this phosphorylation event could not be established. Proteomic

analysis in Drosophila (Bodenmiller et al., 2007) confirmed phosphory-
lation within the stalk at Thr520 (Fig. 4), however phosphorylated
residues within the stalk were absent in U20S cells (Rapley et al.,
2008). Interestingly, in human cells Thr458 was identified as a
phosphosite for two protein kinases with an established cellular role
in response to DNA damage (Matsuoka et al., 2007). Taken together,
these conflicting results suggest that phosphorylation within the stalk
may be cell-type specific or that modification is the result of a response
to cell stress.

2.3.3. Regulation via post-translational modifications of the N-terminal
motor domain

In an early study of Kinesin-5, it was proposed that post-
translational modification of the N-terminal motor domain is also
necessary for localization to the mitotic spindle, although no consensus
sequence or residue(s) were identified as potential modification sites at
the time (Sawin and Mitchison, 1995). Later, three tyrosine residues
within the D. melanogaster KLP61F motor domain were determined as
being phosphorylated (Fig. 4) within close proximity to regions of the
protein involved in nucleotide sensing and microtubule interactions,
leading the authors to postulate that modification of these residues
could alter Kinesin-5 activity (Garcia et al., 2009). Mutation to phenylal-
anine interfered with protein folding, but no direct effect on Kinesin-5
function was determined. Similarly, in yeast, three residues in close
proximity to motor domain regulatory regions were identified as
phosphorylated in anaphase, and determined to be required for spindle
elongation (Avunie-Masala et al., 2011). It is possible that modification
of these or other residues in the motor domain could regulate
microtubule dynamics or ATP hydrolysis, just as Wee1 phosphorylation
of the Cdk1 ATP-binding domain inhibits its kinase activity (Atherton-
Fessler et al., 1993).

2.34. Indirect regulation of Kinesin-5

It is likely that mechanisms other than phosphorylation regulate
Kinesin-5 function in vivo. For example, one report describes regulation
of Kinesin-5 expression via ubiquitination. The E3 ubiquitin ligase,
Parkin, indirectly down-regulated Kinesin-5 gene transcription (Liu
et al., 2008a). By blocking the binding of c-Jun NH,-terminal kinase to
the Kinesin-5 AP1 (activator protein 1) site in its promoter, Parkin
could regulate the level of mitotic Kinesin-5 in HEK293 cells (Liu et al.,
2008a).

2.3.5. Protein—protein interactions that regulate Kinesin-5

The intricate regulation of Kinesin-5 throughout the cell cycle
suggests that it does not act alone but rather in a complex with one or
more proteins. As a result, many proteomic screens have been done to
try to identify novel protein partners and intricate signaling pathways
in which Kinesin-5 is involved (Table 2). Kinesin-5 knock-down by
siRNA or chemical inhibition has afforded researchers' insights into
cellular phenotypes that can occur (Goshima and Vale, 2003), its role
in diseases (Dharmapuri et al., 2011; Formstecher et al., 2006; Groth-
Pedersen et al,, 2012; Liu et al.,, 2008a; Marra et al,, 2013; Martens-de
Kemp et al., 2013; Tabernero et al., 2013), and proteins that are either
up-regulated or down-regulated as a result (Tsui et al., 2009). While
screens that identify protein networks that are affected by Kinesin-5
have been informative in describing potential regulatory networks for
this motor, the challenge of elucidating the specific players and bio-
chemical interactions linking these networks remains a goal of future
research.

Direct interaction of Kinesin-5 with several proteins involved in
mitotic regulation have been identified and confirmed through multiple
experimental means. However, consequences on Kinesin-5 function
in vivo have not been established. For example, TPX2 has been identi-
fied as a Kinesin-5 binding partner. A discrete domain within the C-
terminus of TPX2 was identified as the site of its interaction with
Kinesin-5 (Eckerdt et al., 2008). This interaction was determined as
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necessary for spindle pole segregation and spindle stability as well as for
targeting Kinesin-5 to spindle microtubules (Eckerdt et al., 2008; Ma
et al,, 2010, 2011). Kinesin-5 was also shown to directly interact with
NuMA (nuclear mitotic apparatus) protein and required for NuMA
localization to the mitotic spindle (Iwakiri et al., 2013). However, the
authors cautioned that additional studies would need to be performed
to elucidate the exact role that this interaction plays in functional
regulation of both proteins. In studies to characterize Ran-GTP function,
Kinesin-5 was postulated to be a potential protein binding partner
(Wilde et al., 2001) and participate in a Ran-dependent complex with
HURP and additional proteins (Koffa et al., 2006). However, a direct
protein—protein interaction was not determined. In a separate study,
Kinesin-5 colocalized with the dynactin subunit p150%"¢¢ in vivo and
interacted via the Kinesin-5 tail domain in vitro, suggesting that these
two proteins may interact in vivo at the conserved Cdk1 site (Blangy
et al, 1997). Lastly, in C. elegans, Kinesin-5 was determined to interact
directly with Aurora B kinase AIR-2 and it is thought that this interaction
mediates localization of Kinesin-5 to the spindle (Bishop et al., 2005).

Proteins that have not previously been shown to participate in
events relating to mitosis have also been identified as potential binding
partners of Kinesin-5. As such, Traf4 (tumor necrosis factor receptor
associated factor 4), a protein involved in the extracellular response to
various cell surface stimuli was shown to interact with Kinesin-5 in a
yeast two-hybrid screen (Rozan and El-Deiry, 2006). Though Kinesin-
5 also coimmunoprecipitated with Flag-tagged Traf4 in H460 cells,
evidence showing this interaction is important for the function of either
protein has yet to be determined. The nuclear XPF (Xeroderma
pigmentosum group F) protein, which plays a role in DNA repair, was
also concluded to interact with Kinesin-5 (Tan et al., 2012). In this
study, XPF was shown to colocalize with microtubules and Kinesin-5
though a role for regulation in mitosis could not be established. Finally,
several additional proteomic screens have afforded knowledge about
the potential protein complexes/signaling pathways in which Kinesin-
5 may be involved (Maliga et al., 2013; Paulsen et al., 2009), which
should aid future studies in determining Kinesin-5's regulation
throughout the cell cycle.

3. Mechanism of Kinesin-5

Knowledge of motor mechanism, or mechanotransduction, relies
heavily on two types of in vitro investigations. In the first class,
chemical-kinetic measurements of molecular motor ensembles in
bulk solution largely define our current understanding of the various

biochemical processes in kinesin proteins. Such experiments conclude
that the catalytic cycle of kinesin includes multiple conformational
states coupled to a complex biochemical network. In the second class,
single-molecule experiments directly assess physical properties of
these molecular machines: micromechanical and optical techniques,
which measure piconewton forces generated by motor proteins,
provide quantitative information on the dynamic structure of molecular
machines at the level of intermolecular interactions. These investiga-
tions revealed previously unknown microscopic details, and their
results have stimulated discussions of the mechanisms underlying the
dynamics of molecular motors.

Described below are the tremendous research efforts that have
focused on the mechanism of the human Kinesin-5 motor protein.
Studies of a single motor domain of HsEg5, which is approximately
42 kDa in size, comprise the simplest and most amenable biological sys-
tem to dissect chemistry and structure; as a result, many research labs
have contributed to our collective understanding of the biochemical
and structural parameters of this ‘business end’ of kinesin proteins. On
the other hand, studies of a dimeric HsEg5 and tetrameric kinesin
increase in complexity and difficulty, resulting from emergent proper-
ties such as processivity of movement, ‘gating’ or synchronization of
catalysis and motion between the two/four motor heads, and coordina-
tion of antiparallel microtubule gliding.

3.1. Catalysis in monomeric HSEg5

Biochemical data discriminate between the Kinesin-5 proteins and
other kinesin counterparts. In vitro ATPase activity of human Kinesin-
5 is slower than other kinesin motors (Cochran et al., 2004; DeBonis
et al., 2003; Maliga et al., 2002). Using chemical-kinetic methods, a se-
ries of papers from the Gilbert group (Cochran and Gilbert, 2005;
Cochran et al., 2004, 2006) illuminate key differences displayed by
HsEg5 in the coupling of the ATPase cycle to force generation. Like con-
ventional kinesin, binding of monomeric HsEg5 to microtubules results
in rapid release of the ADP product. ATP binding forms a MT-Eg5-ATP
intermediate in at least two kinetic steps, which includes initial sub-
strate collision and a conformational change. ATP hydrolysis proceeds
to yield ADP and P;, with few available details via kinetics; however,
real-time measurement of catalysis by vibrational spectroscopy showed
that conformational changes must also occur during passage through
the transition state (Jun and Kim, 2010). Phosphate release may occur
when Eg5 is bound to the microtubule, followed by dissociation from
the cytoskeletal track as an Eg5-ADP intermediate, or detachment

Table 2
Protein partners.
Protein Functional role Organism Experimental approach for detection  Reference
interactor
p150glued Largest subunit of dynactin, a large microtubule-binding Yeast, human 2-Hybrid immunoprecipitation Blangy et al. (1997)
complex involved in ER-to-Golgi transport, spindle
formation, and chromosome movement
Ran-GTP Essential for translocation of RNA and Xenopus Chemical inhibition, Koffa et al. (2006); Wilde et al. (2001)

proteins through nuclear pore complex;

involved the control of DNA

synthesis and cell cycle progression

Protein kinase associated with chromosomes and

midbody microtubules and required for polar body extrusion

Aurora AIR-2

Traf4 TNF receptor-associated factor 4 scaffold protein Yeast, human

TPX2 Spindle pole segregation Xenopus
Proper organization and spindle stability and
for targeting Eg5 to spindle microtubules

XPF Involved in nucleotide excision repair (NER) and Human
interstrand DNA cross-linking (ICL)

NuMA Plays a role in spindle fiber assembly; it remains in

the nucleus during interphase and locates to the
spindle poles during early mitosis

C. elegans, yeast

Pig (LLC-PKI cells)

Xenopus, yeast

microtubule gliding assays

RNAI, 2-hybrid
coimmunoprecipitation, kinase
assay’s

2-Hybrid immunoprecipitation
Protein overexpression

siRNA, Protein overexpression,
microtubule gliding assays
Protein overexpression, siRNA

Bishop et al. (2005)

Rozan and El-Deiry (2006)
Eckerdt et al. (2008)
Ma et al. (2010, 2011)

Tan et al. (2012)

RNAI, 2-hybrid immunoprecipitation
protein overexpression, binding assays

Iwakiri et al. (2013)
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from the MT may occur as the Eg5-ADP-P; intermediate. Dissociation
from the tubulin polymer is relatively slow, whereas reassociation is
rapid, as in conventional kinesin.

X-ray crystallography has defined a classic core structure of the
kinesin motor domain (Fig. 2): a central 8-stranded (3-sheet, with 3
helices on each side. Common for all motor proteins, conformational
‘switching,’ or a change in localized secondary structure, is required to
convert and amplify small biochemical changes at the nucleotide-
binding site into larger movements that manifest in cargo transport.
Within the motor domain, kinesins possess three distinct conserved
‘switches’ (Kikkawa et al., 2001; Kull and Endow, 2002; Sablin and
Fletterick, 2001; Vale, 1996; Vale and Milligan, 2000): the P loop, switch
I, and switch II/helix regions (Fig. 2), which undergo changes in the nu-
cleotidase cycle. The P loop is responsible for the binding of the o- and
p-phosphate groups of the nucleotide, whereas switch I and switch II
loops interact selectively with the y-phosphate moiety. In addition, a
water molecule serves as the nucleophile to attack the terminal phos-
phate of ATP and must be close to the substrate in the closed active
site (Parke et al., 2010). Kinesins, in common with myosins, are thought
to undergo an ATP-induced conformational transition in which the
switch regions flanking the active site shift between ‘open’ and ‘closed’
states (Kull and Endow, 2002). Indeed, numerous families of nucleotide
triphosphatases (NTPases) employ a “y-phosphate’ sensing mechanism
to change their molecular conformations between different nucleotide
states. The closed state of the active-site switches in NTPases is catalyt-
ically competent, whereas the open state is not.

The Protein DataBank has a surprisingly large number of reported
HsEg5 crystal structure determinations, compared to other kinesin
isoforms. To date, 39 of the 125 kinesin x-ray structures in the PDB are
of HsEg5. Only two are not co-crystal structures with bound drug candi-
dates: these are the HsEg5-AMPPNP complex (Parke et al., 2010) and
the HsEg5 - ADP complex (Turner et al., 2001). We focus this discussion
on the 2.2 A crystal structure of HsEg5-AMPPNP complex (Parke et al.,
2010), as it is the catalytic intermediate poised to break ATP down
into its products and it is unique amongst all the determinations of
kinesin motor domain structure. First, this structure is the first demon-
stration of a kinesin in which both switch I and switch Il regions are fully
ordered and in closed conformations around the substrate analog.
Second, this is the first kinesin structure to have nucleophilic water in
the active site. Surprisingly, there is not one, but two, water molecules
in close association. The apparent lytic water is poised for attack on
the ~y-phosphate and oriented by a second water molecule (Parke
et al, 2010).

This crystallographic ‘snapshot’ of two-waters in the HsEg5- AMPPNP
complex was confirmed by a second experimental technique; real-time
measurement of catalysis in HsEg5 kinesin by vibrational spectroscopy
showed transient formation of a two-water cluster (Jun and Kim, 2010).
Moreover, this two-water model in HsEg5 kinesin has been corroborated
in another member of the kinesin superfamily (Chang et al, 2013),
suggesting that all members of this motor family may share this novel cat-
alytic mechanism for NTP hydrolysis. It is important to note that a two-
water catalytic model also has been proposed in a divergent motor pro-
tein, myosin (Onishi et al., 2004), and observed experimentally as well
in one of its crystal structures (Smith and Rayment, 1996). Together,
these data argue that protein-bound water molecules are as essential
for biological ATP hydrolysis as amino acids.

3.2. Catalysis in dimeric HSEg5

The above chemical-kinetic and structural studies for monomeric
HsEg5 delineate the simplest system for understanding the fundamen-
tal steps in catalysis and in mechanotransduction. However, the Gilbert
group and others also have performed careful and extensive experi-
ments on HsEg5-513, a dimeric form of the motor, with equilibrium
and transient kinetic approaches. For this dimeric Kinesin-5, microtu-
bule association, ADP release and ATP binding were found to be fast

steps in the catalytic cycle (Krzysiak and Gilbert, 2006). However, prod-
uct measurement was limited by the rate of ATP hydrolysis. Thus, the
rate-limiting step for dimeric Kinesin-5 is ATP hydrolysis, a novel
finding for any dimeric kinesin motor measured thus far and clearly
different from the canonical Kinesin-1 motor. Each HsEg5 motor head
in the dimer contains tightly bound ADP, which is rapidly released
upon MT contact. The first ADP from one head is released at >200 s~ !,
while the second ADP is released more slowly; moreover, the release
of the second ADP is dependent upon nucleotide state and is stimulated
with ATP bound in the active site. Thus, models of mechanotransduction
(discussed in more detail below) support a proposal that ATP-binding
precedes force-dependent translocation and HsEg5 stepping is con-
trolled by ATP hydrolysis (Krzysiak et al., 2008; Valentine and Gilbert,
2007). There is no structural data for dimeric HSEg5 to support catalytic
understanding at the atomic level; to date, the attainment and resolu-
tion of a dimeric kinesin crystal structure has been reported only once
in the literature (Kozielski et al., 1997).

3.3. Structural transduction of force and work

Biological motors all function by consuming chemical energy
(described above), each step of which is coupled to a series of conforma-
tional changes. The resultant structural transitions allow sequential inter-
actions with microtubules, which in turn power force generation and
movement. Required components for such chemo-mechanical transduc-
tion beyond a fuel source (ATP hydrolysis) are a force-generating element
and an energy transducer.

As the motor domain houses the site of interaction with the cyto-
skeletal track, it must possess structural components that serve as a
force generator, or the ‘mechano-component’ that produces a power
stroke upon energy input. For conventional Kinesin-1 and other homo-
logs, whose motor domain is encoded at the N-terminus of the full-
length kinesin protein, this is often cited to be the necklinker (Kull and
Endow, 2002; Mather and Fox, 2006; Rice et al, 1999; Schief and
Howard, 2001), but recent experiments instead point this role to the
kinesin cover neck (Hwang et al, 2008; Khalil et al, 2008). The
necklinker is a long, flexible C-terminal extension to the motor domain
proper (Fig. 2) that allows plus-end processive motion; in contrast,
other homologs have an N-terminal extension, termed the neck, that is
correlated with minus-end processive motion. The cover neck is the N-
terminal portion of the motor domain that has not been resolved in x-
ray structures of N-terminal kinesin motor domains.

The HsEg5-ADP structure (Turner et al., 2001) showed, for the first
time, an ordered necklinker in a docked state along the motor domain.
In comparison, the HsEg5-AMPPNP structure showed an ordered
necklinker that was swung away from the motor domain (Parke et al.,
2010), supporting the suggestion of a ratchet-like mechanism for
translocating the kinesin along the microtubule and their biological
activity. Furthermore, high-quality, cryo-EM reports of Drosophila and
human Kinesin-5 complexed with microtubules (Bodey et al., 2009;
Goulet et al., 2012) supported these above crystallographic studies of
motor domains in isolation. The difference in necklinker orientation
between the prehydrolysis and product states of HsEg5 was corroborat-
ed in the cryo-EM data (Bodey et al., 2009; Goulet et al., 2012).

Two independent groups have provided experimental evidence that
suggests the cover neck in Kinesin-5 acts as a force-generating element.
Cryoelectron microscopy reconstructions at subnanometer resolution
also structurally identified the cover neck in HsEg5 and its parallel
docking to the necklinker (Goulet et al., 2012), when HsEg5 is bound to
microtubules. This complete and consistent structural data for HsEg5 is
not available for any other kinesin protein, much less any Kinesin-5
ortholog. These data cumulatively suggest that both the necklinker and
cover neck work in tandem as the force generator in Kinesin-5 proteins
(Goulet et al., 2012; Hesse et al., 2013), as postulated for Kinesin-1.

Also missing in our understanding are atomic details of the ‘coupling’
component that links the breakdown of ATP to the force generator. In the
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Table 3

In vitro microtubule gliding rates of Kinesin-5 proteins. Using purified kinesin protein, bulk-measurement rates of microtubule motion were recorded in motility assays. Noted are the

oligomeric state of the kinesin protein, buffer, pH, and salt/osmolyte concentration.

Kinesin-5 isoform Oligomeric state Buffer (pH) Salt/other (osmolyte) Velocity (nm/s) Reference

X. laevis Native tetramer 80 mM PIPES (6.8) - 123 Kwok et al. (2004)
Native tetramer 80 mM PIPES (6.8) - 24.0 Kapitein et al. (2005)
Native tetramer 70 mM PIPES (6.8) 80 mM KCl 344 Weinger et al. (2011)
Native tetramer 70 mM PIPES (6.8) - 16.8 Weinger et al. (2011)
Native dimer (1-513) 70 mM PIPES (6.8) - 30.1 Weinger et al. (2011)
Chimeric dimer (1-373 with KHC 345-426) 80 mM PIPES (6.8) - 61.0 Duselder et al. (2012)
Chimeric dimer (1-373 with KHC 345-559) 80 mM PIPES (6.8) - 64.0 Shastry and Hancock (2011)

H. sapiens Native dimer (1-513) 100 mM PIPES (6.8) - 26.7 Maetal. (2011)
Native dimer (1-513) 80 mM PIPES (6.9) 150 mM sucrose 329 Waitzman et al. (2011)
Native dimer (1-513) 10 mM PIPES (6.9) - 47.2 Krzysiak and Gilbert (2006)
Native dimer (1-513) 80 mM PIPES (6.8) - 37.0 Yajima et al. (2008)
Chimeric dimer (1-370)* with KHC 337-432 80 mM PIPES (6.9) 100 mM K-acetate 104.0 Kaseda et al. (2008)
Chimeric monomer (1-370)* with KHC 337-432 80 mM PIPES (6.9) 100 mM K-acetate 92.0 Kaseda et al. (2008)
Native monomer (1-372) 80 mM PIPES (6.8) - 42.0 Yajima et al. (2008)
Native monomer (1-367) 80 mM PIPES (6.9) 150 mM sucrose 20.5 Waitzman et al. (2011)

D. melanogaster Native tetramer 100 mM PIPES (6.9) 50-75 mM KCl 40.0 Cole et al. (1994)
Native tetramer 80 mM PIPES (6.8) - 320 van den Wildenberg et al. (2008)
Native tetramer 20 mM Tris (8.0) 75 mM KCl 40.0 Tao et al. (2006)

absence of direct data for most kinesins, the nature of the kinesin trans-
ducer is still unresolved. The transducer has been postulated to be an
Arg-Glu salt bridge between switch I and II, and its rearrangement is
linked to changes at the MT-binding surface (Hirokawa et al., 2009). A
second hypothesis is that the o4 relay helix serves as the transducer:
the a4 relay helix is proposed to be invariant in its interaction with
MTs and is a fixed contact point around which the motor domain flexes
in response to the nucleotide bound (Schief and Howard, 2001; Sindelar
and Downing, 2010). Comparison of the Eg5-AMPPNP prehydrolysis
complex (Parke et al, 2010) with the HsEg5-ADP product complex
(Turner et al, 2001) shows that the a4 helix is elongated in the
prehydrolysis state and has a characteristic tilt, expected for proper
insertion and intercalation between the alpha- and beta-tubulin
subunits in the microtubule track. The structure of the kinesin-
microtubule interface, as well as the overall conformational
shape of the motor domain, is well-matched between the HsEg5-
AMPPNP crystal structure and cryo-EM studies (Bodey et al., 2009;
Goulet et al., 2012). Although both models correlate chemical state
with necklinker positioning (Asenjo et al., 2003), neither provides
atomic-level details of how catalytic intermediates are transduced
into motion.

A third hypothesis is that the central beta-sheet and the surface L5
loop comprise the transducer in kinesins (Hirose et al., 2006; Kim et al.,
2010); homologous motifs in myosins have been accepted to serve as
the transducer (Coureux et al., 2004) in this divergent motor protein.
Like the models above, beta-sheet torque (Kim et al, 2010) can be
correlated with necklinker positioning. Although not discussed in the
paper (Parke et al, 2010), the HsEg5-AMPPNP structure (PDB ID
3HQD) showed the L5 loop adopted a ‘closed’ conformation, in compar-
ison to the ‘open’ state in the HsEg5-ADP structure (Turner et al., 2001).
These data led to the conclusion that conformational changes in the
L5 loop, like the necklinker, are correlated with native catalysis.
Both prior and subsequent to these studies, the open and closed
conformations of the L5 loop have been deemed important in
HsEg5 [e.g., (Bodey et al., 2009; Cochran and Gilbert, 2005; Larson
et al,, 2010; Parke et al., 2010; Rosenfeld et al., 2005)], as the L5
loop is the allosteric drug target site and its closed state cradled in-
hibitors (Yan et al., 2004). It has even been reported that inhibition
of its conformational motion can reverse ATP hydrolysis (Cochran
et al.,, 2005).

However, unlike the interswitch salt-bridge and o4 relay helix
transducer models, proposals of how the L5 loop and beta-sheet
mediate conversion of catalysis into motion have been put forth. As

examples, the L5 loop has been argued to directly control nucleotide
binding (Goulet et al., 2012; Larson et al., 2010), an unusual hypothesis
for an allosteric site. Beta-sheet torque (Kim et al., 2010) can be
correlated with L5 loop conformation and necklinker positioning.
In doing so, it serves as a responsive, central spine that leverages
and modulates functional outcomes at the adjacent microtubule-
binding site. As such, beta-sheet torque can be correlated with
drug sensitivity and serve as a structural biomarker for drug efficacy
(Kim et al., 2010).

34. Force measurements: processivity, single-molecule, and optical trap
studies

Formulation of models for the cellular role of Kinesin-5 is depen-
dent on understanding the mechanical properties of the motor
itself. Consequently, several laboratories have been using a variety
of in vitro assays to better understand the motile properties of
Kinesin-5 proteins. While Kinesin-5 shares a number of conserved
features found in conventional and other kinesins, there are unique
characteristics that presumably are suited to its specific cellular
role(s).

Kinesins that transport cellular cargo must be able to take multiple
steps along a microtubule without dissociating — a property known as
processivity. Conventional Kinesin-1 takes >100 steps before dissociat-
ing (Block et al,, 1990; Svoboda and Block, 1994). While this type of be-
havior would be necessary for a transport motor, Kinesin-5 may not
need to be processive to generate forces in the mitotic spindle, as ensem-
ble effects of multiple motors crosslinked in the antiparallel mitotic array
may be sufficient. Indeed, while early experiments showed that Eg5 and
KIp61F are slow motors that move toward the plus-end of the microtu-
bule (Cole et al., 1994; Kashina et al., 1996; Sawin et al., 1992), solution
kinetics examining ATP hydrolysis per microtubule interaction suggested
that Eg5 was less processive than Kinesin-1 monomers (Crevel et al.,
1997). Multiple motor microtubule gliding assays have shown that
Kinesin-5 is capable of gliding microtubules in ensemble, albeit at rates
~10 fold slower than conventional kinesin (Table 3). Tetrameric Eg5
was also shown to crosslink microtubules and move toward the plus
end at a rate of ~20 nm/s (Table 4) — with the net effect of sliding anti-
parallel microtubules at a rate of ~40 nm/s (Kapitein et al, 2005).
Subsequent work from the same laboratory showed that cross-linking
anti-parallel microtubules activates the directional motility of Eg5
(Kapitein et al., 2008). However, each of these experimental setups
does not require single Kinesin-5 tetramers (or dimers) to be processive
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Table 4

Antiparallel microtubule gliding rates of Kinesin-5 proteins. Using purified kinesin protein,
bulk-measurement rates of microtubule motion were recorded in motility assays. Noted
are the oligomeric state of the kinesin protein, buffer, pH, and salt/osmolyte concentration.

Kinesin-5 Oligomeric Buffer Salt/other Velocity  Reference

isoform state (pH) (osmolyte)  (nm/s)

X. laevis Native 80 mM PIPES (6.8) 80 mMKCl 28.0 Kapitein
tetramer etal. (2008)
Native 80 mM PIPES (6.8) - 40.2 Kapitein
tetramer etal. (2005)
Native 70 mM PIPES (6.8) 80 mM KCl  45.6 Weinger
tetramer etal. (2011)
Native 70 mM PIPES (6.8) 60 mM KCl  35.0 Kapitein
tetramer etal. (2008)

individually, as multiple motors are present in each experimental
scenario.

In 2006, two separate groups showed for the first time that Kinesin-5
proteins were indeed processive motors and could take several steps
along a microtubule before dissociating (Table 5). Using HsEg5-coated
polystyrene beads in an optical trap setup in which microtubules
were attached to a functionally modified glass surface to prevent non-
specific adherence of the beads (Fig. 5), Valentine and colleagues showed
that dimeric HsEg5 (Eg5-513) displayed discrete, sequential steps along
the microtubule lattice with an average step size of 8.1 nm, taking on
average ~8 steps per excursion (Valentine et al., 2006). This setup also
allowed for the observation of other unexpected behaviors of HsEg5.
First, HsEg5 dimers had a velocity of ~100 nm/s at saturating ATP levels
in the absence of load (2-3 times faster than observed motility in
ensemble assays) and a velocity of ~60 nm/s at saturating ATP levels
with an applied constant rearward (opposing) load of 4 pN. Second,
while conventional kinesin slows down as it approaches its maximal
force-producing level (stall force), HsEg5 dissociates from the micro-
tubule before slowing, with the highest force measured at ~5 pN. Further
analysis of their own work led the authors to point out in a later publica-
tion that extrapolation of their force-velocity curve to zero velocity for
HsEg5 should give a stall force of 9 pN (Valentine et al., 2006),
which is significantly higher (Fig. 5) than the 6 pN stall force of con-
ventional kinesin heavy chain (Svoboda and Block, 1994; Block
et al., 2003). Shortly after publication of the optical trap work with
HsEg5, Kwok and colleagues provided the first single molecule motility
data for fluorescently-tagged Eg5 tetramers moving processively along
immobilized microtubules (Kwok et al., 2006). While tetramers had a
significantly slower motility rate of 14.2 nm/s (compared to 100 nm/s
for Eg5 dimers in the optical trap studies described above), the run length
was significantly longer (580 nm for the tetramer in single molecule

assays compared to 67 nm in the optical trap), yielding an average of
>70 steps per run.

While run length of Kinesin-5 is a useful readout of processivity,
analysis of linear excursions in single molecule studies does not necessar-
ily give an accurate picture of processivity, particularly relative to other
families of kinesin motors. Building on the finding that Eg5 monomers
are capable of carrying out microtubule gliding in ensemble assays
(Kaseda et al.,, 2008), Yajima and colleagues performed a modified form
of microtubule gliding by sparsely attaching quantum dots to microtu-
bules and performing three dimensional analysis of the location of each
quantum dot, with particular emphasis on the rotational pitch of the
microtubule (Yajima et al., 2008). Since conventional kinesin walks
along a single protofilament (Ray et al., 1993) it contributes very little
rotational torque to a microtubule. Thus, microtubules in a gliding
assay exhibit a long-pitch rotation. Conversely, single-headed constructs
of conventional kinesin that are non-processive rotate the microtubule
with a constant short-pitch (Yajima and Cross, 2005). Analysis of
rotational pitch of microtubules with single-headed Eg5 showed a
similar short-pitch rotation, indicative of non-processive motility.
Dimeric Eg5 showed a significantly longer pitch rotation of microtubules
than monomeric Eg5, but still significantly shorter than dimeric conven-
tional kinesin. These results further point to a weakly processive motility
for Eg5.

Direct observation of Eg5 tetramers in single molecule assays
along immobilized microtubules showed that Eg5 exhibits two dis-
tinct types of movement: ATP-dependent directional motility, as
well as ATP-independent diffusive movement (Kwok et al., 2006).
The bias toward one type of movement or the other can be regulated
in motility assays by varying the salt concentration in vitro; low salt
buffers show a higher proportion of directed motility events, while
increasing ionic strength causes a greater frequency of diffusional
events (Kapitein et al., 2005). However, when Eg5 tetramers
crosslink two separate microtubules, there is a bias toward direc-
tional movement even at high (i.e. physiological) ionic strength.
This transition may be mediated by a nonmotor microtubule binding
site in the Eg5 tail domain, as deletion of the C-terminal portion of
Eg5 decreased the relative sliding of microtubules in antiparallel
gliding assays (Weinger et al., 2011). It may well be that this transi-
tion from diffusive movement to directional movement contributes
to the activity of Kinesin-5 in the mitotic spindle and prevents ATP
hydrolysis unless the molecule is attached to two antiparallel
microtubules.

More recent studies have attempted to ascertain the cause of the
decreased processivity of Eg5 relative to the families of transport motors.
Conventional kinesin is believed to be able to carry out hand-over-hand
motility as a result of a built-in tension-sensing mechanism coordinated
by the necklinker that keeps the two heads out of phase; one stays

Table 5
Kinesin-5 velocity, measured by single molecule experiments.
Kinesin-5 isoform Oligomeric Buffer Salt/other Velocity Reference
state (pH) (osmolyte) (nm/s)
Single-molecule measurements (trap)
X. laevis Native tetramer 80 mM PIPES (6.8) - 35.0 Korneev et al. (2007)
X. laevis Chimeric dimer (1-373 with KHC 345-426) 80 mM PIPES (6.8) - 59.0 Duselder et al. (2012)
H. sapiens Native dimer (1-513) 80 mM PIPES (6.9) 200 mM KCl, 50 mM K-acetate 68.0 Valentine and Block (2009)
H. sapiens Native dimer (1-513) 80 mM PIPES (6.9) 200 mM KCl, 50 mM K-acetate 96.0 Valentine et al. (2006)
Single-molecule measurements (fluorescence)
X. laevis Native tetramer 80 mM PIPES (6.8) - 14.6 Kwok et al. (2006)
X. laevis Native tetramer 70 mM PIPES (6.8) - 85 Weinger et al. (2011)
X. laevis Native tetramer 70 mM PIPES (6.8) - 8.9 Kapitein et al. (2008)
X. laevis Native tetramer 70 mM PIPES (6.8) 20 mM KCl 10.1 Kapitein et al. (2008)
X. laevis Native tetramer 70 mM PIPES (6.8) 40 mM KCl 0.0 Kapitein et al. (2008)
X. laevis Native tetramer 70 mM PIPES (6.8) 60 mM KCl 03 Kapitein et al. (2008)
X. laevis Chimeric dimer (1-373 with KHC 345-426) 80 mM PIPES (6.8) - 1120 Duselder et al. (2012)
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Fig. 5. Measuring kinesin stall force with an optical trap. Using a focused laser line, a sole
polystyrene bead can be held in place with high precision. With a single kinesin attached
by its tail to the bead, the bead can be placed in close enough proximity to a tethered
microtubule that the kinesin can bind to, and begin stepping along, the microtubule. As
the kinesin pulls the bead away from the trap center, the tendency of the bead to remain
in the center exerts a rearward force on the kinesin molecule, which becomes greater as
the kinesin attempts to pull the bead further from the center. Thus, force (F) can be
measured as a function of distance (x) if the spring constant of the trap (k) is known.
Here, we show Eg5 (Kinesin-5) generating a greater force than kinesin heavy chain
(Kinesin-1) as evidenced by its ability to pull the bead further from the trap center (Ax),
given the same trap stiffness.

tightly bound to the microtubule while the other releases from the
microtubule and undergoes a diffusive search for its next binding site
(Hackney, 2005; Rosenfeld et al., 2003; Yildiz et al., 2008). Perhaps the
Kinesin-5 necklinker, which is significantly longer than most other
kinesins (Hariharan and Hancock, 2009), is not optimized to communi-
cate this inter-head tension and as a result the two heads are more apt
to both enter the weakly bound stage. To test this hypothesis, Shastry
and Hancock made sequential deletions of the amino acids in the
necklinker of Eg5 from 18 to 14 (the length of processive, conventional
kinesin's necklinker) and tested for changes in velocity and run length
(Shastry and Hancock, 2011). While Eg5 with full-length necklinker or
17 residues had minimal processivity, constructs with necklinkers of 15
and 14 amino acids showed increasing run lengths averaging 950 nm
and 1770 nm (~120 steps and >200 steps), respectively. Similar results
were subsequently shown using a combination of single molecule,
microtubule gliding, and optical trap experiments to examine changes
in Eg5 necklinker length, with the striking result that while run length
changes as the necklinker length changes, velocity and stall force remain
relatively constant (Duselder et al., 2012). This data suggests that the

increased necklinker length of wild type Eg5 may cause it to be a less
processive motor.

Of course, one other obvious regulator of Eg5 motility in the mitotic
spindle is the presence of accessory binding proteins that interact with
Eg5. One such potential partner is the Ran-regulated mitotic spindle
assembly factor TPX2. In vivo, the interaction between Eg5 and TPX2 is
required for kinetochore fiber formation and proper location of Eg5. In
microtubule gliding assays, TPX2 inhibited Eg5-dependent microtubule
gliding in a dose-dependent manner, pointing to a role for TPX2 in regu-
lating Eg5 function (Ma et al., 2011). It is reasonable to believe that other
binding partners for Eg5 will be identified, or that post-translational
modification of Eg5 may also play a role in its microtubule-dependent
activity. Future studies will certainly investigate these and other
possibilities.

It is worth noting that a recent study of the major Kinesin-5 isoform
from budding yeast, Cin8, showed that it moves toward the minus-end
of the microtubule in single molecule studies and at low concentration
in microtubule gliding assays, but shows plus-end-directed movement
at high concentration in microtubule gliding assays and in anti-parallel
microtubule sliding assays (Roostalu et al., 2011). While this type of
directional switching has not been reported for other Kinesin-5 pro-
teins, it remains to be seen whether this is an adaptation specific to
yeast (that has a closed mitosis and lacks a nuclear-localized dynein
for minus-end motility) or is a property of other Kinesin-5 proteins.

4. Translational studies

Mitosis is a validated point of intervention for cancer therapy and a
variety of antimitotic drugs against cytoskeleton proteins are success-
fully being used in the clinic (Rath and Kozielski, 2012). There is one
report that little or no HsEg5 is detectable in normal non-proliferating
cells, while expression is prominent in proliferating cells (Hegde et al.,
2003). In addition, over-expression of HsEg5 has been noted in a variety
of human solid tumors implicating the role of the enzyme in tumorigen-
esis (Castillo et al.,, 2007; Hansen and Justice, 1999; Hegde et al., 2003).
Therefore, drugs that specifically and solely inhibit Eg5 are potential al-
ternatives to the taxanes and vinca alkaloids that target microtubules
and may have fewer clinical side effects. However, developments of
new antimitotic drugs that are targeted therapies are challenged by a
number of scientific unknowns, such as our ignorance of cell stress
and death mechanisms upon mitotic arrest of tumor cells (Jackson
et al., 2007).

4.1. Inhibitors of Kinesin-5

The first inhibitor of Kinesin-5 to be reported was monastrol and it
was identified in a cell-based screen for compounds that caused mitotic
arrest without direct effects on microtubule dynamics (Mayer et al,
1999). Since its discovery, over 100 different chemical classes of
allosteric inhibitors against HsEg5 have been identified in the public
scientific literature (and dozens more in the patent literature). These
include carbolines, quinazolines, thiazolopyrimidines, thiadiazoles,
dihydropyrazoles, isoquinolines, imidazoles, and benzimidazoles. They
exhibit 107 differences in potency against HsEg5 [reviewed in (El-
Nassan, 2013; Huszar et al,, 2009; Sarli and Giannis, 2008)]. Several
have entered into clinical trials (Table 6). The majority of the
inhibitors reported are selective for HsEg5 because they bind to an
allosteric site, comprised by loop 5 (L5), which is not conserved in
sequence or length in other kinesins and even amongst the Kinesin-5
family. While HsEg5 inhibitors are identified at rapid pace for clinical
purposes, it is formally possible that more than one inhibitor binding
site exists on HsEg5 (Zhang, 2011). Although examination of whether
there is a single or multiple, allosteric ‘hot spots’ for these compounds
has been neglected by the field at large, several HsEg5 inhibitors have
been uncovered that do not bind within the L5 loop. For example,
inhibitors that are ATP-competitive (Groen et al, 2008) and MT-
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Table 6

Clinical results with Kinesin-5 targeted inhibitors in phase I and phase II trials. Listed is a representative sampling of the clinical data on the outcomes of HsEg5 inhibitors on patients who
were not responsive to taxanes. Inhibitors and data are cataloged from greatest to least efficacy in trials.

Anti-mitotic ~ Tested cancer type No. of patients Clinical results Significant adverse events Reference
drug treated
SB-743921 Advanced solid tumors 44 Prolonged stable disease observed in one patient ~ Prolonged neutropenia, hepatic enzyme Holen et al. (2011)
or refractory lymphoma and 14% of patients had stable disease for over elevation and hyperbilirubinemia
24 weeks; promising efficacy
MK-0731 Advanced solid tumors 22 Prolonged stable disease observed in patients with Myelosuppression Holen et al. (2012)
cervical, non-small cell lung, and ovarian cancers
Ispinesib Advanced or metastatic 16 60% and 27% patients had stable disease for at Neutropenia, increased alanine Gomez et al. (2012)
(SB-715992) breast cancer least 42 and 90 days, respectively aminotransferase
Advanced solid tumors 30 33% of patients had stable disease Neutropenia, nausea, fatigue Burris et al. (2011)
Pediatric solid tumors 24 Prolonged stable disease observed in 15% of Neutropenia and hyperbilirubinemia Souid et al. (2010)
patients, but there was substantial patient
variation in drug disposition
24 33% of patients had stable disease >18 weeks Prolonged neutropenia and febrile Blagden et al. (2008)
neutropenia
AZDA4877 Advanced solid tumors 21 Stable disease in 25% of patients, but little Neutropenia and leucopenia Esaki et al. (2011)
evidence for clinical efficacy
Advanced solid tumors 29 No report of stable disease Neutropenia Infante et al. (2012)
ARRY-520 Advanced myeloid leukemia 36 Lack of clinical activity Mucositis, myelosuppression Khoury et al. (2012)

competitive (Learman et al., 2009) have been reported. Other papers
(Luo et al., 2007; Ulaganathan et al., 2013) have shown that alternate
allosteric sites are present within the HsEg5 motor domain, outside
the L5 pocket.

4.2. Mechanism of Kinesin-5 inhibition

Monastrol is best characterized out of all the HsEg5 inhibitors. X-ray
crystallography was key in identifying the monastrol allosteric
binding site in HsEg5. In crystallographic determination of HsEg5:ADP
complexed with monastrol, the most significant structural change is
the binding of the compounds to an induced-fit site, principally created
by the insertion loop (L5) of helix a2 (Turner et al.,, 2001; Yan et al.,
2004). The L5 loop adopts a ‘closed’ conformation and cradles monastrol,
in contrast with the ‘open’ conformation observed in the absence of allo-
steric inhibitor. Additional alterations in HSEg5 were observed in
positions of the a2 and a3 helices, as well as a conformational change
in switch I from a flexible loop to a short helix. Similar conformational
changes were observed in crystal structures of HsEg5 with S-trityl-L-
cysteine and other allosteric inhibitors [e.g., (Cox et al., 2005; Fraley
et al., 2006; Garbaccio et al., 2006)].

Although there are a few experiments reported on how L5-directed
inhibitors alter the kinetics and biochemistry of HsEg5, only the kinetic
studies on monastrol were comprehensive; it has been generally
presumed by other investigators that other inhibitors that bind to the
same site have the same kinetic properties. Steady-state and presteady-
state measurements on how monastrol impacts HsEg5 (Cochran et al.,
2005) showed that ATPase activity is inhibited through slowed product
release and that there is weakened binding and affinity between Eg5
and microtubules. Thus, irregular HsEg5-microtubule interactions alter
the ability of the Kinesin-5 protein to generate force and to establish or
maintain the bipolar spindle. Aberrations in HsEg5-microtubule interac-
tions in the presence of monastrol were more pronounced in the dimeric
form of the kinesin; a significant reduction in microtubule lattice
decoration was measured (Krzysiak et al., 2006). Allosteric inhibition of
tetrameric Kinesin-5 by monastrol (Kwok et al., 2006) uncovered that
Eg5 has an ATP-dependent directional motion, as well as a diffusive
component that does not require ATP hydrolysis. Monastrol suppresses
the former, but not the later, form of Eg5 motility along microtubules
(Kwok et al., 2006).

The role of specific residues in the monastrol-binding pocket (L5, a2,
and a3) has been tested, but not yet been systematically explored. In
most cases, mutation of specific monastrol-binding pocket residues
yielded a negative result: loss of HSEg5 sensitivity to the inhibitor. In

contrast, the Drosophila Kinesin-5 protein motor domain (KIp61F) is
insensitive to monastrol and STC (Learman et al, 2009), despite
containing an L5 loop of equivalent length that has 52% sequence
identity to HsEg5. Thus, it has been used as a model system to test for
‘gain-of-allosteric inhibition’ and a chimeric Drosophila Kinesin-5 protein
motor domain with a human L5 loop was constructed. The ATPase activity
of this chimeric Klp61F kinesin was not inhibited by monastrol, but was
inhibited by STC (Liu et al, 2011). This experiment yielded positive
proof that the L5 residues in the HsEg5 loop are sufficient to serve as a
protein cassette for small-molecule sensitivity, and thus ‘druggability.’
These experiments also suggest that the interactions of this loop with
the core motor domain are responsible for the allosteric interruption of
ATP hydrolysis.

4.3. Successes and lessons of antimitotic strategies

The research and biomedical community have clearly embraced a
new era in anti-mitotic therapy with the identification and clinical
translation of new targets in mitosis outside of tubulin. Targeted agents
against HsEg5 have shown promise in preclinical studies. The effect of
HsEg5 inhibitors on proliferating cells in culture is to cause mitotic arrest
with a monopolar spindle. The centrosomes do not separate, so the
microtubules are organized from a single site in the cells and chro-
mosomes orient in a ring around this site. This phenotype is ubiqui-
tous to all proliferating cells treated with Kinesin-5 inhibitors;
there are no reported effects on nonproliferating cells using rele-
vant concentrations of these compounds. Mitotic arrest induced
by HsEg5 inhibitors has been shown to result in apoptosis in
some tumor cell lines (Liu et al., 2006, 2008b; Orth et al., 2008;
Shi et al., 2008).

Ispinesib (SB 715992; Cytokinetics/GSK) inhibited growth in a wide
range of human and murine cell lines with IC50 values of 1.2-9.5 nM.
Treatment of SKOV3 ovarian tumor cells in vitro with 20 nM ispinesib
caused mitotic arrest in cells, which displayed unseparated centrosomes
and monopolar mitotic spindles. It also showed favorable clinical activity
with a significantly lower toxicity profile in SKOV3 human tumor
xenograft models, compared to tubulin targeted drugs (Miller et al.,
2005). In addition, it exhibited anti-proliferative activity in tumor cell
lines and significant efficacy in several murine tumor models (Johnson
et al,, 2002).

Ispinesib was the first small molecule inhibitor of HsEg5 that
advanced to clinical trials and early clinical trial data highlighted that it
was well tolerated at biologically active doses, with no evidence of
neurotoxicity, but displaying dose-limiting neutropenia. However,
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advanced in vivo studies do not match in vitro expectations. Ispinesib
(one of the most potent Eg5 inhibitors with a K; of 1.7 nM) has limited
success in phase II clinical trials (Beer et al., 2008; Lee et al., 2008; Tang
et al,, 2008). Additional HsEg5 inhibitors, SB-743921 from Cytokinetics/
GSK (Holen et al., 2011) and MK-0731 from Merck (Cox et al., 2008),
are also currently subjects of phase Il clinical trials. Other pharmaceutical
companies, including Array BioPharma Inc. (ARRAY-520) and Eli Lilly
(LY2523355), have also investigated candidate HsEg5 inhibitors to
treat different forms of cancer. These second-generation HsEg5 inhibi-
tors have had variable success in comparison to ispinesib (Table 6).

In light of this data, three main reasons have been identified for the
surprisingly modest impact of mitosis-selective approaches in the clinic
[reviewed in (Chan et al., 2012; Mitchison, 2012)]. The first is our limited
knowledge of how the mitotic machinery and the apoptotic pathway are
linked and how occurrence of mitotic slippage allows arrested cells to
adopt different cell fates, such as viable multiploidy. The second is the
underestimation of the slowness in doubling time of cells in human
tumors, which results in HsEg5 inhibitors only targeting a limited
fraction of cells within the tumor population. Third is the half-life, or
retention time, of drugs in tumor cells; paxitaxel has a half-life in the
range of a week, whereas HsEg5 inhibitors have a median half-
life of 12 h. Finally, identifying patients who might best respond
to these agents goes hand-in-hand with the expected develop-
ment of drug resistance before tumor removal, due to adaptive
mutations and drug efflux pumps (Longley and Johnston, 2005).
Indeed, L5 loop point mutations conferring resistance to HsEg5
inhibitors have been introduced into cancer cell lines, resulting
in their regaining proliferative capability in the presence of drug
(Tcherniuk et al., 2010).

Thus, although the HsEg5 drugs thus far were not the desired clinical
watershed, these compounds are important in advancing anti-cancer
therapy. First and foremost, these small-molecule inhibitors have
provided better understanding of the translational barrier in clinical
applications, which is key to evolving better treatments. In addition,
identification or design of more specific or potent drugs will come,
when allosteric communication within the transducer and its effects on
Eg5 mechanotransduction are better elucidated. Moreover, examples
of approaches to circumvent current clinical complications are to
antagonize a cancer-specific target that has oncogenic roles outside
mitosis and/or to combine targeted inhibitors to maximize mitotic
arrest-cell death and minimize mitotic exit (Chen et al., 2012).
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