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ABSTRACT
Faithful chromosome segregation relies on proper control of spindle architecture, which
is controlled by dozens of regulatory proteins. Microtubule dynamic instability is central to
defining spindle size and geometry, and kinesin motors are known to mediate tubulin dynamics
during mitosis. The goal of this dissertation is to relate the chemomechanical characteristics of
nanometer-scale molecular motors in the kinesin-5 family to the micron-scale microtubule
dynamics that are essential for intracellular transport and cell division. In addition to sliding apart
antiparallel microtubules, the kinesin-5, Eg5 has also been shown to promote microtubule
polymerization, though the molecular mechanism remains elusive. This study includes three
aspects of resolving the Eg5 microtubule polymerase mechanism. First, by comparing
mechanochemical cycles of kinesin superfamily members, Eg5 motors were shown to primarily
reside in a two-heads-bound state during its ATP hydrolysis cycle. This conformation has the
potential to act as a “staple” that enhances tubulin-tubulin longitudinal bond stability in the
microtubule lattice. Second, isolated Eg5 motor domains were shown to induce a curved-tostraight transition in tubulin, which promotes lateral tubulin-tubulin bonds. This curvaturemodulating mechanism is shown to be conferred by family-specific sequences in Loop11, which
is proximal to Switch-II in the motor domain and is located at the alpha-beta tubulin interface.
Finally, small-molecule inhibitors that can mechanically regulate Eg5 motors were shown to also
impact microtubule dynamics and spindle integrity both in vitro and in vivo. Inhibitors that induce
a tight-binding rigor state of the motor have opposite effects from the better known Loop5
inhibitors that weaken microtubule binding. By linking the molecular mechanism of Eg5microtubule interaction to cell-scale changes in microtubule architecture, this work should benefit
drug discovery and chemical probe development for treating cytoskeleton-based neuropathies and
cancer.
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Chapter 1

Introduction to Size Regulation and Mitotic Spindle Length Control
During early embryogenesis, the size of the mitotic spindle scales to the cell volume,
suggesting that spindle assembly is tightly controlled (Crowder et al., 2015; Wühr et al., 2010).
Spindle length and positioning are determined by the dynamics and arrangement of the
microtubules that make up the spindle. These microtubules, in turn are active polymers that
stochastically grow and shrink, and this dynamic instability enables spatiotemporal plasticity
during cell division. The stability of the microtubule lattice results from the strength of tubulintubulin longitudinal and lateral contacts, and small molecule inhibitors or regulatory proteins that
affect lattice bond stability alter microtubule dynamics. As the list of microtubule-associated
proteins (MAPs) that can modulate microtubule stability grows, there is an increasing need for
new mechanistic paradigms for describing the interactions between MAPs and tubulin that result
in global regulation of microtubule dynamics in dividing cells.
The goal of this dissertation is to uncover the mechanism of micron-scale spindle size
regulation by the nano-scale activities of kinesin motor proteins. I focus on the homotetrameric
mitotic kinesin-5, Eg5, because this motor protein has two key mechanochemical properties
important for its physiological function. First, Eg5 is able to mechanically slide apart antiparallel
microtubules and crosslink parallel mitotic spindle arrays to modulate pole-to-pole distance in
dividing cells (Sawin et al., 1992; Shirasu-Hiza et al., 2004). Second, Eg5 motors stabilize
microtubule arrays and enhance microtubule polymerization, which is predicted to affect spindle
structure and dynamics during mitosis (Chen and Hancock, 2015). Because Eg5 integrates these
diverse mechanochemical activities, understanding the molecular mechanism of Eg5 is crucial
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both for better understanding how mitotic spindles size scales across diverse cell sizes, as well as
providing insights that can be used to develop next-generation anticancer therapeutics that target
mitosis.
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Spindle size
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MT mass = Tubtotal - Tubfree

Figure 1-1:	
   Mitotic spindle sizes of animal cells are tightly regulated during early
embryogenesis. (A) Example image of mitotic spindle positioning during early embryogenesis.
(B) Cell size and mitotic spindle length presents an allometric relationship across metazoan early
embryogenesis (replot from Crowder et al. Current Biology 2015). (C) Mechanical balance model
illustrates that mitotic cells apply mechanical feedback among membrane, cytoskeleton scaffold,
and chromosomes to sense spindle positioning and cell geometry. (D) Limiting-Component
model reveals that tubulin depletion upon microtubule assembly limits spindle size.
In this introduction, I first address regulatory factors involved in controlling mitotic
spindle size and architecture. Next, I provide a background of the structural and functional
properties of microtubules and kinesin motor proteins, the activities of which directly impact
spindle positioning and cell geometry. Lastly, I describe current progress of Eg5 inhibitors in both
cell biology and clinical applications.
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1.1 Allometry: the biological scaling problem in anatomy
The internal structures of a living organism should appropriately scale to its body size to
support inherent mechanics and metabolic rates (Klingenberg, 2016; Niklas, 2004). For example,
large animals generally have stronger legs to support the entire body weight, whereas their
average metabolic rates and oxygen exchange efficiency are lower than those of small organisms
(Farley et al., 1993; Kleiber, 1932). These allometric scaling problems follow the physical laws of
heat, mass, and momentum transfer (Boxenbaum, 1982), and these scaling principles are
especially relevant in pharmacokinetics. For instance, drug metabolism between mice and
humans follow a particular mathematical rule (Moore et al., 2011), which provides an initial
estimate of the dose used for clinical trials.
Besides ecological allometry, the size of a single cell is also defined by the physical
limits of intracellular transport. For instance, micron-size bacteria employ passive Brownian
motion to disperse molecules, whereas in higher organisms, highly differentiated cells such as
meter-length neurons require cytoskeleton-based motors to accomplish axonal transport (Vale et
al., 1985a). Intracellular transport is especially activated under trauma, in which the cell
immediately delivers materials to repair the scission (Tang and Marshall, 2017). The best-known
example is flagellar regrowth in Chlamydomonas, where the physical damage of one flagellum
causes the second intact flagellum to rescale (Wilson et al., 2008). Because the interior
microtubule arrays define flagellar lengths, the length redistribution indicates that the
microtubules are polymerizing and depolymerizing in the traumatized and intact flagellum,
respectively. Even though the mechanism for how a cell rescales the two flagella remains unclear,
it has been shown that intracellular cargos play important roles to measure and reshape the length
of flagella; thus, cytoskeletal motors appear to be central for size regulation (Wilson et al., 2008).
Hence, allometric principles not only apply to large-scale physiology, but also to small-scale
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systems as well. Understanding the allometric control of organisms would also benefit clinical
applications in drug discovery and regenerative medicine.

1.1.1 Length regulation of dividing cells during early embryogenesis
Mitotic spindles in dividing cells also follow length-scaling constraints. During early
embryogenesis, the spindle pole-to-pole distance scales to the length of the fast-dividing cells
(Figure 1-1A and B; Crowder et al., 2015; Wühr et al., 2010). Cell size directly influences the
spatial arrangement of cytokinetic signals that guarantee proper chromosome segregation. For
example, across cell stages, the RanGTP gradient with varying boundary conditions differs,
which generates different tubulin nucleation patterns (Caudron et al., 2005). However, the
question remains of how rapidly dividing cells systematically detect the aspect ratio between
spindle apparatus and whole cell size.
One model to explain the scaling of spindle length with cell size is the force balance
model, in which forces generated by mechanical elements balance to achieve the steady-state
spindle length (Figure 1-1C). A dynamic microtubule is sufficient to generate tens of
piconewtons of force to promote chromosome segregation during anaphase (Akiyoshi et al.,
2010; Driver et al., 2017; Uhlmann et al., 1999). Cytoskeleton-based motors and crosslinkers can
also produce force. For example, in metaphase, dynein and its regulator NuMA cooperatively
crosslink microtubule arrays to maintain aster geometry (Silk et al., 2009), and cortical dyneins
mechanically stabilize microtubules against depolymerization (Hendricks et al., 2012a). In the
midzone, tens of active and passive microtubule-associated proteins contribute to spindle stability
(Guild et al., 2017; Laan et al., 2012; Lansky et al., 2015). The best-known example of these is
the kinesin-5, Eg5, which can crosslink parallel microtubules and slide apart anti-parallel
microtubule arrays to regulate spindle pole-to-pole distance from prometaphase to anaphase
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(Kapitein et al., 2005). Limiting Eg5 activity slows spindle elongation and poleward microtubule
flux (Mitchison et al., 2004; Miyamoto et al., 2004), and may decrease the mechanical pushing
forces that contributes to chromosome segregation (Vukušić et al., 2017). Thus, the overall force
balance among these mechanical elements is a key contributor to proper maintenance of spindle
size and organization.
A competing model to the force balance model is the tubulin depletion model (Figure 11D), in which the total tubulin amount within cells defines the mitotic spindle lengths. By
inducing spindle formation in artificial droplets, Good and colleagues found that the spindle
apparatus does not require anchoring to the membrane, ruling out a force balance model (Good et
al., 2013). Instead, because large cells contain more tubulin, they are capable of forming a larger
spindle apparatus in comparison to small cells. Extending from this concept, enhancing
microtubule numbers in asters should reduce the average spindle length, and thereby limiting the
pole-to-pole distance (Helmke and Heald, 2014). Conversely, inducing microtubule nucleation
and polymerization in the spindle midzone is expected to maximize the chance of chromosome
capture and result in longer microtubule arrays (Petry et al., 2013; Vukušić et al., 2017). Thus, the
spatiotemporal nuances of tubulin and tubulin binding proteins provide a second strategy for
spindle positioning and size regulation.
Though the central mechanism of spindle length regulation remains disputed, it should be
noted that both mechanical and biochemical methods are not mutually exclusive. It is possible
that cells use both strategies to regulate the mitotic spindle size that ensures successful
chromosome segregation. Because microtubules are primary components of the mitotic spindle,
the molecular characterization of microtubules is essential before defining the contributions of the
two models.
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Figure 1-2:	
   Tubulin dynamics and structural modulations. (A) Example kymograph and
illustration of microtubule dynamic instability. (B) Structure representation of exchangeable site
(E-site) and non-exchangeable site (N-site) of GTP. (C) T5 orientation of GTP- and GDP-tubulins
(Alushin et al., 2014). (D) The cryogenic EM tomography of a growing microtubule shows a
“ram’s horn” structure of a growing tip (McIntosh et al. 2018).

1.2 Microtubule Dynamics
Microtubules are dynamic, tubulin-based polymers that act as rigid mechanical scaffolds
to maintain cell geometry. These mechanical scaffolds are composed of αβ-tubulin heterodimers
that have dimensions of 8 nm by 4 nm and have a structural polarity. Tubulin heterodimers form
periodic lattices, resulting in a 25 nm hollow tube that contains 13 parallel protofilaments. In the
presence of GTP, tubulin dimers elongate to form longitudinal protofilaments and lateral sheets
and tapers, which result in open α- and β-tubulins at the “minus end” and the “plus end,”
respectively. Upon GTP hydrolysis, tubulin tends to be in a “kinked” conformation, which
disrupts tubulin-tubulin lateral bond that causes microtubule depolymerization at both ends
(Mandelkow et al., 1991). The emergent switching between microtubule growth and shrinkage
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phases follows a stochastic “dynamic instability” (Figure 1-2A) (Mitchison and Kirschner, 1984;
Needleman et al., 2010), which affords spatiotemporal plasticity during cell progression (Desai
and Mitchison, 1997; Gelfand and Bershadsky, 1991) and defines the theoretical limit of mitotic
spindle length of eukaryotes (McCoy et al., 2015).

1.2.1 Tubulin structures and bond stabilities
The tubulin heterodimer is composed of a pair of highly conserved α- and β-tubulin that
have several isotypes and post-translational modifications (Vemu et al., 2016). With ~40%
identity in amino acid sequence, α-tubulins tightly bind GTP and strongly anneal to β-tubulin
(denoted “non-exchangeable site” for GTP), whereas β-tubulins allow GTP hydrolysis and
exchange (denoted “exchangeable site” for GTP) (Figure 1-2B). This functional difference in the
tubulin types allows the nucleotide states of β-tubulin to primarily control tubulin dynamics.
How do nucleotide states of β-tubulins modulate microtubule dynamics? It has been
widely perceived that the bond stability of tubulin-tubulin contacts drives polymer dynamics
(VanBuren et al., 2002), and chemicals that stabilize both longitudinal and lateral bonds can
enhance microtubule lifetime (Mitra and Sept, 2008). Because the nucleotide pocket is proximal
to the tubulin-tubulin longitudinal binding interface, it is possible that the GTP- and the GDPstates of β-tubulins have varying longitudinal bond stabilities that generate contrasting effects on
polymer dynamics. Indeed, the interfacial T5-loop of β-tubulin is stabilized in the outward
conformation upon GTP binding (Alushin et al., 2014; Nawrotek et al., 2011), which maximizes
the binding interface to the proceeding α-tubulin and promotes protofilament stability (Figure 12C). Molecular visualization further indicates that tubulin-tubulin longitudinal stability is
sufficient to modulate microtubule stability, which provides the first structural evidence of
nucleotide-dependent tubulin dynamics.
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Does GTP hydrolysis affect tubulin-tubulin lateral bond stability? The formation of
tubulin sheets and microtubules emphasize the interplay of tubulin-tubulin lateral bonds in the
presence of GTP. GTP-microtubules tend to form sheets while GDP-microtubules generate
“ram’s horn” structures (Chretien et al., 1995; Mandelkow et al., 1991), and it was long believed
that GTP-tubulins have a straight conformation while GDP-tubulins are kinked. Because of the
curvature difference, this “allosteric” effect holds that GTP- and GDP-lattices contain different
strain energies, which gives GTP-microtubules the tendency to grow while GDP-microtubules
tend to shrink. However, this hypothesis does not resolve how microtubules growing in GTP
often contain curved tips (Chretien et al., 1995; Drechsel et al., 1992; Hyman et al., 1992). Details
of growing microtubules were shown using cryo-EM, which indicate that GTP-protofilaments
have an intrinsic curvature (Figure 1-2D) (McIntosh et al., 2018); this bend is fundamentally
different from the curvatures of the microtubule wall and the zinc-induced tubulin sheets
(Nogales et al., 1995, 1998).
In contrast to the differential curvature model, crystallography studies reveal that the
soluble tubulin exists in a kinked conformation in both GTP- and GDP-states (Ayaz et al., 2012).
This result is also consistent with biochemical characterizations using the chemical probe
allocolchicine and MAPs, and is also supported by molecular dynamics simulations (Bechstedt
and Brouhard, 2012; Bechstedt et al., 2014; Igaev and Grubmüller, 2018). Hence, the alternative
“lattice” model suggests that the microtubule tip might act as a catalytic scaffold to promote
GTP-tubulin hydrolysis and the curved-to-straight transition (Rice et al., 2008). Blocking the
curvature transition by mutagenesis (Geyer et al., 2015; Ti et al., 2016) or tubulin wedge
inhibitors that bind to the junction of monomer interface (Gigant et al., 2005; Ravelli et al., 2004),
promotes either microtubule assembly or disassembly. Because tubulin is a structural protein that
determines cell geometry, understanding the structural details of tubulin benefits the functional
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studies of tubulin dynamics that are central to understanding mechanisms of mitosis and cell size
regulation.

1.2.2 Microtubule Life Cycle: Nucleation and Growth
The addition and loss of tubulin subunits on polymers define microtubule length and cell
architecture. Microtubule formation includes two thermodynamic transitions: nucleation, where
tubulins generate a seed, and elongation, where seeds extend to form microtubules (Figure 1-3A).
Though spontaneous seed formation is kinetically unfavorable (Voter and Erickson, 1984),
microtubule nucleation is greatly enhanced in the presence of regulatory factors (Lindeboom et
al., 2013; Roll-Mecak and Vale, 2006; Srayko et al., 2005). Proteins that either stabilize tubulintubulin contacts or act as a scaffold are capable of promoting nucleation. For example, several
microtubule stabilizers that promote microtubule nucleation include calmodulin-regulated
spectrin-associated proteins (CAMSAP), CLIP-associated proteins (CLAP), p150Glued families,
TPX2, and end-binding protein (EB) families (Akhmanova and Steinmetz, 2015; Atherton et al.,
2017; Reid et al., 2016; Vitre et al., 2008). Alternatively, scaffold complexes can bridge several
tubulins to facilitate seed formation. These scaffolds include γ-Tubulin Ring Complex (γTuRC),
the TOG-homologues (chTOG/XMAP215/Stu2), and axonemes (Alfaro-Aco et al., 2017; Ayaz et
al., 2012, 2014; Brouhard et al., 2008; Kollman et al., 2010; Roostalu et al., 2015; Wieczorek et
al., 2015; Zheng et al., 1995). Intracellular signals including DNA-driven RanGTP gradients and
Augmin have been shown to recruit multiple nucleating factors (e.g. TPX2 and γTuRC) to
promote microtubule assembly at specific locations in cells (Kalab and Heald, 2008; Petry et al.,
2013). The molecular characterization of scaffold- and membrane-based nucleation are mostly
carried out in vitro, and their cooperativity mechanisms in cells remain unclear.
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Figure 1-3:	
   Tubulin dynamics and structural modulations. (A) Schematic of tubulin de novo
nucleation and the time trace of polymer mass. (B) Model descriptions of tubulin dynamics. The
one-dimensional (1D) model simplifies a microtubule as a linear polymer that is primarily formed
by longitudinal contacts. The two-dimensional (2D) model introduces the contribution of lateral
bond free energy that affects kinetics of longitudinal contacts, and the tubulin incorporation is an
elementary (single-step) reaction. The protofilament crack model treats longitudinal and lateral
bonds separately, and tubulin has to incorporate longitudinal bond prior to lateral bond formation.
It should be noted that the 1D and 2D models are two limiting cases of the protofilament crack
model, where the 1D model requires extreme longitudinal bond energy and the 2D model requires
a fast kinetics of lateral bond formation. (C) Illustrations and structural example of tubulin
binding inhibitors that have different binding poses and modulation modes of tubulin dynamics.
Microtubule dynamics consist of growth and shrinkage phases. In the growth phase, net
tubulin addition results in microtubule elongation. Occasionally, lateral tubulin-tubulin contacts at
the growing plus-end are disrupted, leading to a “ram’s horn” structure (Figure 1-2D) that leads
to rapid microtubule shortening. The transition event from growth to shrinkage is called a
catastrophe, and the reverse event from shrinkage to growth is termed a rescue. The relative rates
of growth, shrinkage, catastrophe and rescue determine the length distributions of populations of
microtubules. The catastrophe rate is sensitive to the microtubule lifetime, such that “older”
microtubules are more likely to depolymerize (Gardner et al., 2011a). The loss of the tip GTPtubulin (Duellberg et al., 2016; Seetapun et al., 2012) and the accumulation of lattice defects
(Coombes et al., 2013; Gardner et al., 2011a) are thought to trigger catastrophe, though the
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detailed “multiple-hit” mechanism remains unknown. Rescue events are relatively insensitive to
free tubulin concentration (Walker et al., 1988), and it is thought that residual unhydrolyzed GTP
lattice (denoted “GTP-islands”) may block tubulin straight-to-curved transition thereby enhancing
the chance of regrowth (Dimitrov et al., 2008). Interestingly, structural defects of microtubules
can repair upon GTP-tubulin binding (Schaedel et al., 2015) or direct GTP exchange on the open
GDP-lattice (Piedra et al., 2016). Thus, the defect might actually act as a promoter of both
catastrophe and rescue frequencies. Mechanical loads can also bias the transition between the
growth and shrinkage phases (Janson et al., 2003), which might contribute to chromosome
instability and subsequent chromosome segregation (Driver et al., 2017; Franck et al., 2007).

1.2.3 Models of Microtubule Dynamic Instability
Similar to actin filaments, microtubules are traditionally modeled as a linear polymer by
minimizing the contribution of lateral bonds (1D model), such that the gross assembly kinetics
have a tubulin-dependent association rate and a constant dissociation rate (Figure 1-3B, top panel)
(Oosawa, 1970). However, several threads of evidence have shown that the simple 1D model may
fail because it ignores lateral contacts. First, growing microtubule tips typically form sheets,
suggesting non-negligible lateral bonds as they shift from the blunt tip geometry to the tapered
structure at high tubulin concentrations (Chretien et al., 1995), which should not occur in the 1D
scenario. Second, microtubule plus ends are more dynamic than minus ends in vitro (Desai and
Mitchison, 1997; Jiang et al., 2017), which might be caused by the different lattice skew at the
two ends. Third, the 1D model is not sufficient to resolve the EB-induced MT polymerization
mechanism because EB proteins strengthen tubulin-tubulin lateral contacts, thereby promoting
sheet formation (Vitre et al., 2008). Finally, the 1D model cannot recapitulate the multi-hit model
of catastrophe and rescue as well as nucleation (Gardner et al., 2011a; Voter and Erickson, 1984).
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These controversies necessitate more detailed polymerization models that include tubulin-tubulin
lateral contacts.
Models that take into account lateral tubulin-tubulin contacts are better able to
recapitulate experimentally observed microtubule dynamics (Figure 1-3B, middle panel). One
class of these two-dimensional (2D) models accounts for stability of the microtubule lattice by
positing that tubulin lateral and longitudinal bond energies are additive (VanBuren et al., 2002).
Thus, the microtubule is a cooperative structure that involves numerous dynamic tubulin-tubulin
interactions. To address the observed tapered sheets at growing microtubule plus-ends, Gardner
and colleagues introduced a strong tubulin-tubulin lateral interaction into their 2D model
(Gardner et al., 2011b). By assuming tubulin incorporation an elementary reaction (single-step
kinetics), this development provides a free energy estimate by assuming lateral bond doubling the
free energy of longitudinal bond. Additionally, this finding suggests that tubulin dynamics are at
least one order-of-magnitude faster than the prediction from the traditional 1D model that can
match to the observations of fast microtubule dynamics in cells. However, this finding is not
consistent with the structural observations of isolated protofilaments and rings (Locke et al., 2017;
McIntosh et al., 2018; Moores and Milligan, 2008; Zhang, 1996), where the protofilament and
ring formations require a stronger longitudinal bond than the lateral bond.
An alternative 2D model is the “protofilament-crack” model that emphasizes the
importance of longitudinal bonds in the microtubule lattice (Figure 1-3B, bottom panel)
(Margolin et al., 2012; McIntosh et al., 2018; Zakharov et al., 2015). In this model, bond
formation and disruption are treated independently, such that tubulins form longitudinal bonds
followed by lateral annealing to generate sheets, and sheets disrupt lateral contacts first and then
longitudinal bonds to sever the protofilament tips. Because all bonds are separate, the tubulin
assembly process belongs to a multi-step kinetics that differs from the concept of the 2D model.
Notably, both the 1D and the 2D models are two limiting cases of the protofilament crack model.
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In the limit of strong longitudinal bond plus weak lateral bond, the protofilament crack model
converges to the 1D model, whereas the 2D model requires a fast equilibrium of lateral bond
formation of the protofilament crack model. These tubulin assembly models remain hotly debated,
and clarifying these models will benefits subsequent studies of the underlying mechanisms by
which regulatory proteins and tubulin inhibitors alter intracellular tubulin dynamics.

1.2.4 Modulators of Microtubule Dynamic Instability
Because lateral and longitudinal tubulin-tubulin bond energies directly contribute to
tubulin dynamics, regulatory factors that can alter bond stability should modulate microtubule
assembly. The best-studied example is Paclitaxel, which binds between a pair of protofilaments
and stabilizes both tubulin-tubulin longitudinal and lateral contacts (Figure 1-3C)(Mickey and
Howard, 1995; Mitra and Sept, 2008). Alternatively, chemicals that bind to tubulin-tubulin
longitudinal junctions (or “wedge inhibitors”) decrease tubulin-tubulin bond stability and promote
microtubule disassembly (Figure 1-3C). The “Colchicine-site” inhibitors, including colchicine
and nocodazole, bind to the alpha-beta interface and are termed “intra-dimeric wedge inhibitors”
because they force tubulin to stay in the kinked conformation. An alternate class, “Vinca-site”
inhibitors bind at the interface between two tubulin dimers. These “inter-dimeric wedge
inhibitors” prevent incoming tubulin from straightening into the growing lattice (Gigant et al.,
2005; Ravelli et al., 2004). Recently, new chemicals such as peloruside and maytansine
derivatives have been shown to bind to non-conventional sites in tubulin and modulate tubulin
dynamics. Because these microtubule-targeting agents impact tubulin dynamics, they potentially
have clinical significance as anticancer therapeutics (Akhmanova and Steinmetz, 2015).
Moreover, the different structural modulators of tubulin and protofilaments might serve as
important reagents for investigating the biochemistry of tubulin and its associated proteins.
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Besides small molecule modulators, a wide variety of MAPs have been shown to regulate
tubulin dynamics in cells. A particular case of MAPs is the kinesin motors, which are generally
regarded as molecular motors that assume mechanical duties (Vale et al., 1985a). Two of the beststudied microtubule regulators are kinesin-8s and kinesin-13s, which act as microtubule
depolymerases (Arellano-Santoyo et al., 2017; Benoit et al., 2018). Conversely, several kinesin
motors have been shown to enhance microtubule stability (Chen and Hancock, 2015; Gardner et
al., 2008; Gudimchuk et al., 2013), though the molecular details remain undefined. Because
kinesin motors contain a multi-modal activity in mechanics and tubulin dynamics, dividing cells
might use these motors to support spindle dynamics. To elucidate how kinesin motors impact
tubulin bond stability at microtubule tips, it is first necessary to define how kinesin motors behave
on intact microtubule lattices.

1.3 Kinesin Motors Act as Microtubule Length Sensors
Proper intracellular transport requires a tight regulation of kinesin activity. Kinesins are a
class of mechanical motors that can hydrolyze multiple ATP molecules, a property described as
“processivity”, to travel along microtubule, (Block et al., 1990; Hackney, 1994a; Howard et al.,
1989; Sosa et al., 1997; Svoboda et al., 1993). Because of their ability to travel long distances and
work against loads, kinesin motors have been regarded as length sensors to detect intracellular
geometry and thereby regulate cellular functions.
The kinesin superfamily consists of 14 sub-family members plus several orphan kinesins
based on sequence homology (Lawrence et al., 2004). With this sequence diversity across the
kinesin superfamily, the crystal structures of kinesin motors are surprisingly conserved (Figure 14A) (Sablin et al., 1998; Sosa et al., 1997; Turner et al., 2001), leading to the implication of they
have conserved enzymatic mechanochemistry. Kinesin motors are comprised of a pair of
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dimerized heavy chains that can perform mechanics and processivity, and light chains that can
recognize varying cargoes (Bloom et al., 1988; Gindhart et al., 1998; Khodjakov et al., 1998).
Kinesin-1 heavy chain consists of an N-terminal head domain that confer activities of nucleotide
exchange and microtubule binding (Arnal and Wade, 1998; Hoenger et al., 2000, 1998; Shang et
al., 2014; Sindelar and Downing, 2010), a flexible neck linker that can transduce powerstroke and
regulate processivity (Hwang et al., 2008; Khalil et al., 2008; Shastry and Hancock, 2010, 2011;
Svoboda et al., 1993), a dimerization coiled-coil domain to allow for a hand-over-hand stepping
(Figure 1-4B)(Kozielski et al., 1997; Sack et al., 1997; Yildiz et al., 2004), and an auto-inhibitory
tail domain that can trap the heads in a rested state (Hackney and Stock, 2000; Kaan et al., 2011).
With a similarity in mechanochemistry, kinesin motors can be further classified into transport
kinesin and mitotic kinesin (Goldstein and Yang, 2000; Sharp et al., 2000).

Figure 1-4:	
  Kinesin is a mechanical stepper that carries out intracellular transport. (A) The
conventional kinesin has a pair of heads and neck linker domains plus a dimerization coiled-coil
(PDB: 3KIN). (B) The dimeric kinesin motor steps hand-over-hand.

1.3.1 Transport kinesins
Transport kinesin motors are specialized to deliver cargoes, and these motors typically
work with dyneins to accomplish intracellular transport. The conventional kinesin-1, KHC, is the
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first-discovered and the best-studied example (Schnapp et al., 1985; Vale et al., 1985d, 1985a,
1985c, 1985b), which has been found to regulate a numerous cargoes and organelles (Goldstein
and Yang, 2000; Khodjakov et al., 1998; Raaijmakers et al., 2012). Kinesin-1 motors steps handover-hand with a processivity of ~1 µm and a constant velocity of ~800 nm/s (Andreasson et al.,
2015; Mickolajczyk et al., 2015; Yildiz et al., 2004), which achieves cargo delivery much more
efficiently than passive diffusion. Mechanically, a single kinesin-1 motor can maximally generate
~6 pN (Andreasson et al., 2015; Svoboda et al., 1993), suggesting that an isolated motor is
sufficient to overcome viscous drag and deliver cargo in cells (Howard et al., 1989). Kinesin-1
motors have a fast structural coupling and lacking of additive force (Furuta et al., 2013; Muretta
et al., 2015), suggesting that kinesin-1 typically work individually but not in teams. With a strong
transport capacity, kinesin-1 has been shown to promote microtubule stability in a strong-binding
state (Andrecka et al., 2016; Reuther et al., 2016). However, it is not a strong enhancer of
microtubule assembly under physiological conditions (Chen and Hancock, 2015), suggesting that
kinesin-1 has been adapted to maximize its functions in cargo delivery.
Kinesin-2 motors primarily contribute to intraflagellar transport. Kinesin-2 motors have
two copies, the slow heterodimeric KIF3A/B and the fast homodimeric KIF17, in mammalian
cells, and both work cooperatively to mediate cilia length and formation (Marshall, 2008; Milic et
al., 2017; Prevo et al., 2015). Mechanically, kinesin-2 motors can work against load up to ~6 pN,
but its binding duration is sensitive to loads (Arpağ et al., 2014; Milic et al., 2014, 2017).
Working in teams, multiple kinesin-2 motors can significantly enhance the processivity of a cargo
both in vitro and in vivo (Feng et al., 2018; Hendricks et al., 2010). Kinesin-2 is a key regulator of
ciliogenesis (Takeda et al., 1999), but does not contain activities of microtubule assembly (Chen
et al., 2014a). Understanding these microtubule polymerase-deficient constructs is the first step to
dissecting the primary contributors of microtubule polymerase activity of mitotic kinesin motors.
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1.3.2 The Microtubule Depolymerases: Kinesin-8 and -13
In addition to their transport activity, kinesins are known to modulate microtubule
dynamics during mitosis. Two examples are kinesin-8s and kinesin-13s, which regulate
microtubule length by inducing tip disassembly (Desai et al., 1999; Gupta et al., 2006; Varga et
al., 2006). Single-molecule experiments reveal that the mitotic centromere-associated kinesin
(MCAK) motors are passive diffusers that bind with high affinity at both microtubule ends
(Helenius et al., 2006). Once arriving at the tip through diffusion, ATPase activity is enhanced
(Friel and Howard, 2011; Hunter et al., 2003), suggesting that motors preferentially bind to the
curved protofilaments. A recent structural study showed that the kinesin-13 neck domain can
bridge tubulin-tubulin longitudinal contacts, and the motor can use this interaction as a fulcrum to
induce tubulin curvature (Benoit et al., 2018). Consistent with this finding, motor-induced
tubulin-rings have been shown to have higher curvature than control, and dolastatin-induced
tubulin rings were shown to efficiently stimulate kinesin-13 ATPase activity (Moores and
Milligan, 2008; Mulder et al., 2009). Hence, the mechanism of the kinesin-13 microtubule
depolymerase activity, which underlies its functions in chromosomal segregation and spindle
poleward flux (Rogers et al., 2004), can be described as motors inducing protofilament curvature
at microtubule ends, to disrupt tubulin-tubulin lateral bonds and thereby catalyzing microtubule
depolymerization.
In contrast to the diffusive kinesin-13 motors, kinesin-8 motors actively step toward the
microtubule plus ends and depolymerize microtubules. A well-studied example is the budding
yeast kinesin-8, Kip3, which exhibits a super processivity and long plus-end binding durations. It
was shown that motor density and microtubule shortening rate at the plus-end scaled with the
overall microtubule lengths, described as the “antenna model” (Varga et al., 2006). Because
longer microtubules are preferentially shortened, this length-dependent microtubule shortening
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acts as a negative feedback system to normalize microtubule lengths. The processivity and endbinding duration scale inversely with motor concentration, leading to the cooperative model in
which the incoming Kip3 at the plus-end trigger the tubulin-bound motors at the end to detach,
denoted the “bump-off model” (Varga et al., 2009). Structurally, this cooperativity has been
shown to be highly dependent on the coiled-coiled dimerization strength and the Loop11 domain,
which are thought to be essential to induce tubulin curvature and thereby break tubulin-tubulin
lateral contacts (Arellano-Santoyo et al., 2017; Su et al., 2013). Hence, similar to kinesin-13,
kinesin-8 motors induce tubulin curvature, disrupt tubulin-tubulin lateral bonds, and trigger
microtubule depolymerization. Characterization of these two depolymerases greatly contributed
to understanding the mechanism by which kinesin-5 motors promote tubulin assembly.

1.3.2 The Tetrameric Mitotic Motor Kinesin-5
Kinesin-5 motors have been shown to be essential in cell division and neuron growth due
to their functional diversity in microtubule crosslinking (Falnikar et al., 2011; Kapitein et al.,
2005; Kapoor and Mitchison, 2001). The kinesin-5 Eg5 is an antiparallel tetramer that contains
two pairs of motor and neck linker domains, a tetrameric coiled-coil, and two pairs of C-terminal
tail domains that lie near the opposite heads (Figure 1-5A). Similar to other kinesins, each pair of
kinesin-5 motor domains steps hand-over-hand and generates ~10 pN stall force with minimal
force sensitivity (Arpağ et al., 2014; Valentine and Block, 2009; Valentine et al., 2006). The Cterminal tail domains of kinesin-5 have been shown to crosslink microtubules and they likely
regulate activity of the motor domains through an unknown mechanism (Weinger et al., 2011).
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Figure 1-5:	
  Tetrameric Eg5 motors have mechanical functions in spindle elongation. (A) An
Eg5 motor is composed of a pair of dimeric motors plus a tetramerization BASS box. (B)
Tetrameric Eg5 motors crosslink parallel microtubules and slide anti-parallel microtubules apart
in vitro.
Distinct from other kinesins, kinesin-5s contain a BASS box that allow a pair of dimers to
arrange in an anti-parallel shape (Figure 1-5A). Because of this unique dumbbell geometry, Eg5
motors can crosslink microtubule arrays in vitro (Figure 1-5B), which reveals its importance in
spindle size regulation in vivo (Falnikar et al., 2011; Kapitein et al., 2005; Nadar et al., 2008;
Sawin et al., 1992). Indeed, Eg5 inhibition results in a delayed spindle elongation (Shirasu-Hiza
et al., 2004), supporting the idea that Eg5 mechanics play a key role in defining spindle size.
Consistent with this, the yeast kinesin-5 motors Cin8, Kip1, and Cut7 have been shown to work
cooperatively in spindle elongation, and in maintaining the geometry of the spindle pole body
(Hoyt et al., 1992; Syrovatkina and Tran, 2015). Thus, it appears that the mechanical roles of
kinesin-5 motors in spindle arrays are conserved across species.
With its ability to crosslink parallel and anti-parallel microtubule arrays, the primary
function of Eg5 in cells was thought be solely mechanical. However, it was shown that
replacement of the Eg5 motor domains with kinesin-1 or the chromokinesin Kid heads resulted in
a tetrameric motor that was not able to rescue proper spindle geometry (Cahu and Surrey, 2009),
suggesting that the Eg5 head-domains carry unknown biochemical capacities. These other
activities were first observed for the budding yeast Cin8 and Kip1 motors, which were argued to
promote microtubule disassembly and drive chromosomal segregation during anaphase (Gardner
et al., 2008). However another group showed the opposite results, that the budding yeast Cin8
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motors can actually stabilize spindle architecture (Fridman et al., 2013). In fission yeast, the
kinesin-5 homolog Cut7 has been shown to stabilize microtubule arrays and work with the
kinesin-14 Pkl1 and Klp2 to maintain the mechanical balance of the spindle apparatus (Rincon et
al., 2017; Yukawa et al., 2017). Thus, there are conflicting results in fungal systems. Chen and
Hancok showed that vertebrate Eg5 dimer constructs exhibited plus-tip tracking, promoted
microtubule growth, and decreased catastrophe frequency (Chen and Hancock, 2015). It was
argued that these activities may contribute to spindle stability and poleward microtubule flux
during metaphase (Mitchison et al., 2004; Miyamoto et al., 2004). Thus, kinesin-5 motor domains
appear to play roles in regulating tubulin dynamics in cells, but to resolve the question of how
spindle size is scaled across different cell sizes and different species, a better understanding of the
underlying mechanism by which kinesin-5 motors modulate tubulin dynamics is needed.

1.4 Pharmaceutical Significance
Because Eg5 is an essential mitotic motor, it was the first kinesin identified as a
“druggable” target for anti-proliferative chemotherapeutic agents (Rath and Kozielski, 2012). The
first generation of Eg5 inhibitors (e.g. amino-acid based derivatives, S-trityl-L-cysteine; Figure
1-6A) bind to the groove composed of Loop5, α2, and α3 (Figure 1-6B) and block
chemomechanical coupling of hydrolysis and stepping, and traps Eg5 in a weak-binding state
(Crevel et al., 2004a; DeBonis et al., 2004; Kaan et al., 2013; Kapoor et al., 2000; Larson et al.,
2010; Luo et al., 2008; Mayer et al., 1999; Nakai et al., 2009; Skoufias et al., 2006; Wakui et al.,
2014; Woessner et al., 2009). Inserting Eg5 loop5 into members of other kinesin families confers
sensitivity of these motors to Loop5 inhibitors (Möckel et al., 2016), emphasizing the importance
of this family-specific Loop5 sequence. However, despite promising in vitro activity, the first
generation of Eg5 inhibitors were found to exhibit only minimal cytotoxicity in clinical trials
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(Mitchison et al., 2017), thus necessitating a next generation of Eg5 inhibitors that work by
alternate mechanism of action.
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Figure 1-6:	
   Eg5 inhibitors can modulate spindle geometry. (A) The first-generation Eg5
inhibitor, STLC, can induce mono-aster spindle and block mitosis. (B) Eg5 motors have two
“druggable” sites that have been characterized. Conventional Eg5 inhibitors bind to the Loop5α2-α3 triad and generate a weak-binding motor, whereas the next-generation Eg5 inhibitors bind
to the α4-α6 wedge and trap motors in the strongly-bound state (PDB: 3ZCW).
The second group of Eg5 inhibitors produces a rigor-state, which is distinct from the
weak-binding state generated by the first-generation of Eg5 drugs. These compounds inhibit ATP
binding and trap Eg5 motors in the strong-binding nucleotide-free state. The thiazole FCPT was
shown to bind to the Eg5 nucleotide pocket and compete with nucleotide exchange (Groen et al.,
2008; Rickert et al., 2008). An Eg5 rigor state can also be achieved by treating Eg5 with the
biaryl derivatives GSK-1, PVZB1194, and BRD9876 that bind near the α4-α6 interface (Figure
1-6B) and act as allosteric inhibitors (Chattopadhyay et al., 2015; Luo et al., 2007; Parrish et al.,
2007; Yokoyama et al., 2015). Because of their diverse mechanical modes of modulation, these
inhibitors are expected to present contrasting phenotypes with the first generation Eg5 inhibitors
and are promising candidates for combination therapies with other compounds. Understanding the
biochemical basis of Eg5 inhibitors paves the way to resolving the diverse cellular functions of
Eg5 and has potential clinical significance in treating neuropathy and slowing cancer progression.
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1.5 Thesis Motivations and Summary
The main objective of this thesis is to understand the cell biological question of how
spindle size is scaled across cells of different size and across species. I specifically focus on the
mechanism of how Eg5 motors modulate microtubule dynamics.
In Chapter 2, I solved the chemomechanical cycle of Eg5 stepping on. I found that Eg5
motors spend >95% of the time in a two-heads-bound state during their stepping cycle. This
“staple” conformation presents a potential mechanism for how Eg5 stabilizes tubulin-tubulin
longitudinal bonds and thereby promotes microtubule assembly. Because Eg5-induced tubulin
assembly occurs at the microtubule tips, understanding Eg5 interactions with the microtubule
lattice provides a first step for resolving Eg5-tip interaction and its modulation of tubulin
dynamics.
In Chapter 3, I investigated how Eg5 motors regulate tubulin-tubulin bond stabilities in
the microtubule lattice. Thermodynamic analysis reveals that tubulins tend to stay in polymer
form in the presence of Eg5 due to preferential binding of Eg5 to microtubules rather than free
tubulin. Biochemical results are presented to demonstrate that Eg5 motors can drive a curved-tostraight conformational change in tubulin that results in stabilizing tubulin-tubulin lateral bonds.
This conformational modulation of tubulin requires the family-specific Eg5 Loop11 sequence,
which regulates kinesin’s strong binding state, senses tubulin curvature, and induces the curvedto-straight transition. Because microtubules contain a cooperative structure, Eg5-induced bond
stabilization should enhance microtubule stability and polymerization.
After accomplishing the mechanistic studies of Eg5 motors on microtubules and tubulin,
in Chapter 4 I extended the biochemical investigations to pharmaceutical applications. Because
Eg5 is an attractive drug target during mitosis, I developed a new strategy to functionally screen
Eg5 inhibitors. One chemical probe, BRD9876, was shown to stabilize microtubule arrays both in
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vitro and in vivo, which contrasts with the phenotypes of traditional Eg5 inhibitors. This drug
identification and functional characterization study should provide not only a new chemical probe
for cell biology, but also a potential inhibition strategy for future anticancer therapeutics.
Beyond my Eg5 studies, I also characterized the transport kinesins KIF3A, which is
included as an Appendix. As the first stopped-flow kinetics article from Hancock lab, the goal of
this paper is not only to understand kinesin enzymology but also to deploy quantitative
biochemical approaches to decipher ATP turnover in a kinesin motor. Additionally,
characterizing the biochemistry of transport kinesins provides a baseline to compare and contrast
other kinesin motors, including Eg5.

Chapter 2

The Kinesin-5 Chemomechanical Cycle is Dominated by a Two-heads-bound
Staple Conformation
This research was originally published in Journal of Biological Chemistry, Chen, G.-Y.,
Mickolajczyk, K.J., and Hancock W.O., The Kinesin-5 Chemomechanical Cycle is Dominated by
a Two-heads-bound State. J. Biol. Chem. 2016; 291:20283–20294. ©The American Society for
Biochemistry and Molecular Biology.
Single-molecule microscopy and stopped-flow kinetics assays were carried out to
understand the microtubule polymerase activity of kinesin-5 (Eg5). Four lines of evidence argue
that the motor primarily resides in a two-heads-bound (2HB) state. First, upon microtubule
binding, dimeric Eg5 releases both bound ADP. Second, microtubule dissociation in saturating
ADP is 20-fold slower for the dimer than for the monomer. Third, ATP-triggered mADP release
is five-fold faster than the stepping rate. Fourth, ATP binding is relatively fast when the motor is
locked in a 2HB state. Shortening the neck-linker does not facilitate rear-head detachment,
suggesting a minimal role for rear-head-gating. This 2HB state may enable Eg5 to stabilize
incoming tubulin at the growing microtubule plus-end. The finding that slowly-hydrolyzable ATP
analogs trigger slower nucleotide release than ATP suggests that ATP hydrolysis in the bound
head precedes stepping by the tethered head, leading to a mechanochemical cycle in which
processivity is determined by the race between unbinding of the bound head and attachment of
the tethered head.
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2.1 Introduction to the kinesin-5 Eg5
In dividing cells, tetrameric kinesin-5 (Eg5) motors slide apart antiparallel microtubules
and thereby generate outward pushing forces to stabilize the mitotic spindle (Goulet and Moores,
2013; Kapitein et al., 2005; Shimamoto et al., 2015). Due to its crucial mitotic function, Eg5 has
been a target for development of anti-cancer drugs, and there are a number of established Eg5
inhibitors (Goulet and Moores, 2013). In addition its ability to generate outward pushing forces,
Eg5 has been shown to pause at microtubule plus-ends and enhance microtubule polymerization
by accelerating growth and slowing catastrophe (Chen and Hancock, 2015; Fridman et al., 2013;
Kapitein et al., 2005). By allowing sustained force generation at the end of microtubule tracks,
this end-binding property may maximize the ability of tetrameric Eg5 to push apart antiparallel
microtubules. The polymerase activity potentially enhances the antiparallel sliding activity by
generating more track for the motor to walk along, and it may be important for balancing
microtubule depolymerase activities at poles that lead to poleward microtubule flux (Myers and
Baas, 2007; Nadar et al., 2008). Despite considerable study, the specific features of the kinesin-5
chemomechanical cycle that underlie the end-binding and polymerase activity of this motor are
not understood.
Eg5 is minimally processive in vitro, a feature that has been accounted for by the fact that
these motors normally operate in large teams (Kapitein et al., 2005; Shimamoto et al., 2015).
Shortening the 18-residue Eg5 neck linker domain to the 14-residue length of kinesin-1 resulted
in Eg5 having similar run lengths to kinesin-1 (Shastry and Hancock, 2011), suggesting that the
shorter wild-type run lengths result from lack of inter-head coordination rather than the specific
biochemistry inherent to the Eg5 core catalytic domain. However, beyond the neck linker there
are important differences between Eg5 and transport motors such as kinesin-1. Eg5 is roughly 10fold slower than kinesin-1, though how this speed relates to the motor’s processivity and force-

26
generating ability is unclear. From CryoEM reconstructions, the Eg5 neck linker domain adopts a
rearward-facing orientation in the ADP state, in contrast to the more disordered kinesin-1 (Goulet
et al., 2014; Sindelar and Downing, 2010), although recent structural kinetics data identifies
discrete neck linker positions in both motor classes (Muretta et al., 2015). Eg5 has an extended
Loop 5, which has been shown to affect nucleotide binding and serve as a latch for structural
coupling within the Switch I domain (Behnke-Parks et al., 2011; Muretta et al., 2013), and as a
binding target of several potential drugs (Kapoor et al., 2000; Skoufias et al., 2006; Talapatra et
al., 2012). Finally, it has been proposed that upon initial collision with a microtubule there is a ~1
s structural transition before the motor begins walking (Krzysiak et al., 2008); however, the
relationship of this possible initial pause to the observed plus-end pausing (Chen and Hancock,
2015) is unclear.
Interestingly, despite its apparent lack of processivity, Eg5 is able to generate and
withstand relatively large mechanical loads. For instance, a 4 pN assisting load that reduced
kinesin-1 run lengths by roughly 10-fold only reduced kinesin-5 run length by a factor of two
(Andreasson et al., 2015; Valentine and Block, 2009), and in mixed motor gliding assays kinesin5 motors were able to efficiently slow the transport of microtubules driven by faster transport
motors (Arpağ et al., 2014). This ability to resist loads is consistent with the proposed role of
kinesin-5 as a “brake” that stabilizes microtubule bundles in axons – motor inhibition leads to
faster axonal outgrowth and longer branches in culture (Myers and Baas, 2007). Maintaining
spindle integrity also requires sustained force generation, so this property also aligns with the
motor’s mitotic function.
By observing dynamic microtubules in the presence of an engineered Eg5 dimer, we
recently showed that Eg5 doubles the microtubule growth rate and reduces catastrophe by a factor
of three in vitro (Chen and Hancock, 2015). The motor also pauses for approximately 7 sec at the
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plus-end of both taxol-stabilized and dynamic microtubules, a property that is assumed to relate
to its polymerase activity.
The goal of the present study was to identify features of the Eg5 chemomechanical cycle
that underlie its end-binding and polymerase activity. Our approach was to measure the
microtubule and nucleotide-binding kinetics of dimeric and monomeric Eg5 on the microtubule
lattice and to integrate these rates into a model for the dimeric Eg5 hydrolysis cycle. The results
support a model in which the motor resides primarily in a 2HB state. The kinesin-5
chemomechanical

cycle

developed

here

highlights

unique

features

of

kinesin-5

mechanochemistry that may underlie its polymerase activity.

2.2 Results
The goal of this study was to uncover specific features of the kinesin-5 chemomechanical
cycle that underlie its ability to pause at microtubule plus-ends and enhance microtubule
polymerization (Chen and Hancock, 2015). Achieving this goal requires first characterizing the
chemomechanical cycle of kinesin-5 as it steps along the microtubule lattice, and this
characterization in turn requires understanding family-specific properties of the individual heads.
Therefore, we began our study by investigating the ATPase and microtubule binding properties of
a monomeric kinesin-5 construct, Eg5M, which consists of the first 367 amino acids of Xenopus
Eg5 and contains the head and entire 18-residue neck linker domain. This construct is similar to
the human Eg5367 used by other groups, except Eg5M contains 7 more amino acids in the neck
linker (Cochran et al., 2004; Rosenfeld et al., 2005) that are not present in human Eg5367. Work
was then extended to an Eg5 dimer construct, consisting of the Xenopus Eg5 head and neck linker
up to residue 367, dimerized through the coiled-coil (residues 345-405) of Drosophila kinesin-1.
This dimeric construct was described previously (Shastry and Hancock, 2011), and was shown to
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be a good model for a dimeric form of tetrameric kinesin-5. Throughout the text Eg5M refers
specifically to the monomeric species and Eg5 refers to this dimeric species. All experiments
were carried out in BRB80 buffer at 23 °C.
(a) Monomer hydrolysis model (saturating ATP, negligible ADP)
(1)
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bin
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d
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D
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T
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(d) Mt unbinding rate by TIRF
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Figure 2-1: Eg5 monomer kinetics. (a) Monomer hydrolysis model. Monomeric motors in
solution (state 1) bind reversibly to the Mt (state 2), and release their bound ADP to generate a
strongly bound state (state 3). In sufficient ATP and negligible ADP, ATP binds (state 4), and is
hydrolyzed (state 5). If the motor detaches in the ADP-Pi state, 1 ATP is hydrolyzed per Mt
encounter. Alternatively, if the ADP-Pi state is strongly bound and/or Pi release is fast, then
hydrolysis and detachment are not tightly coupled and futile hydrolysis cycles may occur (return
to state 2). The number of futile cycle is determined in state 2 by the race between the ADP offADP
rate, kADP
off , and the Mt-unbinding rate, kunbind . (b) Microtubule-stimulated mADP release. Eg5M
incubated in mADP was flushed against varying [Mt] with 2 mM ATP added to prevent mADP
rebinding. Transients (average of n = 5-7) were fit with a single exponential, and observed rates
were plotted as a function of [Mt]. Fitting to a hyperbola generated a maximal mADP off-rate of
kmADP
= 37.8 ± 5.3 s-1 and half-max [Mt] of KMt
off
0.5 = 3.9 ± 0.7 µM Mt. Inset: Blow up of the linear
range of the curve with fit of effective bi-molecular on-rate, kADP
= 9.7 ± 0.2 µM-1 s-1. (c) Mtbi
stimulated ATPase activity of Eg5M. From the hyperbolic fit (n = 4-5 determinations per point),
ATPase
kcat = 12.9 ± 1.9 s-1 and KMt
= kcat /KMt
0.5 = 0.93 ± 0.25 µM Mt. The calculated kbi
0.5 = 13.9 ± 4.3
ratio
ATPase ADP
-1 -1
µM s , results in kbi = kbi
/kbi = 1.4 ± 0.4 ATP molecules hydrolyzed per Mt encounter.
(d) Mt-unbinding rates of QD655–conjugated Eg5M in saturating ATP (open circle and dashed
curve) or ADP (solid circle and curve). Single-molecule dwell-time distributions were measured
from movies taken at 40 frames/s, and binned data (excluding first 25 ms wide bin) were fit by
ADP
-1
single-exponentials. Calculated monomer unbinding rates were kATP
unbind = 15.6 ± 1.5 s and kunbind
-1
= 17.0 ± 2.0 s . (e) mATP exchange rate of Eg5M-Mt complex. Fluorescence transients (average
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of n = 16-18) were fit with a bi-exponential and two rate constants plotted at varying [mATP].
Fitting the fast phase by linear regression yielded a slope corresponding to the on-rate of mATP
to the motor-Mt complex, kmATP
= 1.5 ± 0.2 µM-1 s-1. The slow phase had a rate in the range of 15
on
-1
– 20 s , which is similar to the ATP turnover rate and was interpreted as hydrolysis following
mATP binding rather than rapid unbinding. Both phases had similar amplitudes, and the
amplitudes did not vary with [mATP].
To interpret our Eg5M experiments, we used the monomer hydrolysis cycle shown in
Figure 2-1a (Cochran et al., 2004, 2006; Rosenfeld et al., 2005). The cycle starts from free
motors in solution with a bound ADP (state 1) that encounter the microtubule in the ADP state
(state 2) and then release ADP to generate a strongly bound apo-state (state 3) (Hackney, 1988).
ATP then binds, generating another strongly-bound state (state 4) and is hydrolyzed to ADP-Pi
(state 5) (Hackney et al., 1989). If the motor detaches in the ADP-Pi state, then each Mt
encounter the motor will hydrolyze only 1 ATP molecule. Alternatively, if the motor releases its
phosphate and returns to the weak-binding ADP-state (state 2), this is defined as a “futile cycle”;
the number of futile ATP hydrolysis cycles per Mt encounter is determined by the race between
the Mt-unbinding rate (state 2 to state 1) and the ADP off-rate (state 2 to state 3).

2.2.1 Kinesin-5 monomer does not display chemical processivity
To quantify the Mt unbinding and nucleotide exchange rates of the monomer, the first
question we addressed is whether the ATPase cycle is tightly coupled to detachment from the
microtubule. In tightly-coupled kinesin dimers like kinesin-1, each head hydrolyzes one ATP per
attachment/detachment cycle (Hackney, 1995); however, in some monomer species the
hydrolysis and detachment cycles are uncoupled, resulting in futile hydrolysis cycles and multiple
ATP hydrolyzed per encounter with the microtubule (Jiang et al., 1997). The “chemical
processivity”, defined as the number ATP molecules hydrolyzed per Mt encounter, is described
!"#$%
by the parameter 𝑘!"
, which is a ratio of the calculated bimolecular collision rate from the
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!"#$%&
ATPase (𝑘!!
) divided by the measured bimolecular collision rate from mADP off-rate
!"#
!"#
experiments (𝑘!"
). To determine 𝑘!"
, motors with bound mADP were flushed against varying

[Mt] (Figure 2-1b). Microtubule binding triggers mADP release, which results in a drop in
fluorescence, and excess unlabeled ADP included with the Mt prevents mADP rebinding. At high
[Mt], mADP release (state 2 to state 3) is rate limiting, and the plateau denotes the mADP off-rate
of the bound head (k mADP
= 37.8 ± 5.3 s-1). At limiting [Mt] (Figure 2-1b, inset), Mt-binding by
off
the motor is rate-limiting, and the linear dependence reveals a bimolecular on-rate, k ADP
bi = 9.7 ±
0.2 µM-1 s-1, which is consistent with previous monomer studies (Cochran et al., 2004, 2006;
Rosenfeld et al., 2005).
!"#$%&
To calculate 𝑘!"
, the Eg5M ATPase activity was quantified to determine the maximal

hydrolysis rate and apparent microtubule affinity. The maximal hydrolysis rate of the monomer,
k cat = 12.9 ± 1.9 s-1, was similar to the dimeric stepping rate (8.5 ± 1.6 s-1; Figure 2-2c),
suggesting that the monomer is a good model for the processive dimer. The apparent Mt affinity
ATPase
in the ATPase, K Mt
0.5 = 0.93 ± 0.25 µM Mt, yields an apparent bimolecular Mt binding rate k bi
-1 -1
ratio
= k cat /K Mt
= k ATPase
/k ADP
0.5 = 13.9 ± 4.3 µM s for Eg5M The final k bi
bi
bi = 1.4 ± 0.4 indicates

that only 1 ATP molecule is hydrolyzed per Mt encounter, consistent with previous kinesin-5
monomer studies (Cochran et al., 2004).

2.2.2 Kinesin-5 monomer does not display chemical processivity
To characterize the microtubule unbinding properties of the monomer, single-molecule
dwell times were measured by TIRF microscopy using a C-terminal biotinylated Eg5 monomer
conjugated with a quantum dot (QD655; Molecular Probes) (Figure 2-1d). If the monomeric
motor carries out 2 or more hydrolysis cycles during each Mt encounter, then its Mt-unbinding
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rate in saturating ATP should be at least 2-fold slower than ATP hydrolysis rate. Instead, the Mt-1
unbinding rate of Eg5M in ATP (k ATP
unbind = 15.6 ± 1.5 s ; Figure 2-1d) matched the kcat from the

ATPase assay (12.9 ± 1.9 s-1; Figure 2-1c), providing independent evidence that the monomer
hydrolyzes one ATP per attachment/detachment cycle.
The next question was whether the monomer detaches from the microtubule in the ADPPi state or the ADP state. In 5 mM ADP, the unbinding rate was similar to that in ATP, k ADP
unbind =
17.0 ± 2.0 s-1 (Figure 2-1d). Although the most obvious conclusion is that the motor normally
detaches in the ADP state, a closer analysis argues against this. If Pi release is fast and the motor
returns to state 2 (Figure 2-1a), then the motor could either unbind from this state or release its
-1
ADP and initiate another hydrolysis cycle. Because k ADP
off (37.8 s ; Figure 2-1b) is twice as fast

as k !"#$"% (17.0 s-1, Figure 2-1d), the motor would most frequently release its ADP and ATP
binding would follow, resulting in multiple ATP hydrolyzed per encounter. Hence, based on the
chemical processivity near 1, we conclude that monomeric Eg5M normally detaches from the
ADP-Pi state. If the Mt unbinding rate in the ADP-Pi state k !"
unbind is not faster than the unbinding
rate in the ADP state, which is supported by a body of work (Cochran et al., 2004; Goulet et al.,
2014; Rosenfeld et al., 2005), then it follows that the rate limiting step for the monomer is
unbinding in the ADP-Pi state (state 5 in Figure 2-1a).
To complete the analysis of the monomer hydrolysis cycle, we measured the mATP
exchange rate when the motor is bound to the Mt. By mixing motor-Mt complexes with varying
mATP, we observed a nucleotide on-rate (k mATP
= 1.5 ± 0.2 µM-1 s-1; Figure 2-1e), in agreement
on
with previous reports (Cochran and Gilbert, 2005; Cochran et al., 2006; Rosenfeld et al., 2005).
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2.2.3 Kinesin-5 dimer does not pause at the start of a processive run
Previous work using a dimeric human kinesin-5 construct, Eg5513, dimerized through the
proximal coiled-coil of the native motor rather than the kinesin-1 dimerization domain used here,
concluded that upon its first interaction with the microtubule there is a slow (~1 s-1)
conformational change before the motor begins stepping (Krzysiak et al., 2008). Because of the
complications that this lag phase introduces into data interpretation, we directly tested whether
such a pause occurs in the hydrolysis cycle of our Eg5 dimer. Single-molecule fluorescence
measurements were carried out by TIRF using QD655-conjugated dimeric Eg5 motors
(representative kymographs are shown in Figure 2-2a). To test for initial pausing, point-spread
function fitting (Ruhnow et al., 2011) was used to determine motor position over time, and
velocities during the first second were compared to velocity at later times. As seen in Fig. 2b, the
initial phase velocities (60 ± 9 nm/s, 65 ± 7 nm/s, mean ± SD) were similar to the later velocities
(56 ± 3 nm/s, 81.5 ± 1 nm/s, mean ± SD) and no visible pauses were apparent. Therefore, we
conclude that in our Eg5 dimeric motors there is no ~1 s-1 conformational change, and the motors
begin stepping immediately upon first collision with the microtubule.
To quantify mean velocity and run length, we analyzed 96 traces using point-spread
function fitting (Ruhnow et al., 2011) with 100 ms temporal resolution and 20 nm spatial
precision. These QD-labeled motors had a similar run length (177 ± 13 nm, n = 96, Figure 2-2c)
and velocity (68 ± 13 nm/s, mean ± SD, Figure 2-2d) to eGFP-labeled constructs analyzed
previously (Chen and Hancock, 2015; Shastry and Hancock, 2011).
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(a) Eg5 stepping in ATP

(b) Velocities in 2 phases

2 sec

500 nm

2 sec

500 nm

(c) Run length in 5 mM ATP

(d) Velocity in 5 mM ATP

(e) Eg5 binding in ADP

(f) Dwell time in 5 mM ADP

500 nm

1 sec

1 sec

500 nm

Figure 2-2: Single-molecule motility of dimeric Eg5. (a-d) 5 mM ATP and (e-f) 5 mM ADP.
(a) High-resolution tracking of QD655-labeled Eg5 stepping at 5 mM ATP. Kymographs with
open and closed triangles indicate the two traces analyzed in (b) initial velocity determination.
Each trace was separated into two segments, including the initial 1-second velocity (60 ± 9 nm/s,
65 ± 7 nm/s, mean ± SD) and the steady-state velocity (56 ± 3 nm/s, 81.5 ± 1 nm/s, mean ± SD).
No initial pausing was observed. (c) Run length of 177 ± 13 nm and (d) velocity of 68 ± 13
nm/sec (mean ± SD) were determined using cumulative density (n = 96). The run lengths above
100 nm were collected and analyzed. (e) Kymograph of Eg5 binding at 5 mM ADP. (f) Dwell
time of 1.3 ± 0.1 sec (Mt-unbinding rate: 0.77 ± 0.06 s-1) were measured (n = 97), significantly
slower than monomer Mt-unbinding rate in Figure 2-1d.

2.2.4 Kinesin-5 dimer has a slow Mt-unbinding rate in ADP
Having measured a 59 msec mean Mt binding duration for monomeric Eg5M in ADP (17
s-1 unbinding rate; Figure 2-1d), we next measured the Mt-unbinding rate of Eg5 dimer in ADP.
If both heads of kinesin-5 interact with the microtubule, then the off-rate of kinesin-5 dimer in
ADP might be expected to be slower than for the monomer. Using QD655-conjugated dimeric Eg5
in 1 mM ADP (Figure 2-2e), we found that the motor binds to the lattice with a mean dwell time
of 1.3 ± 0.1 sec (off-rate of 0.77 ± 0.06 s-1; Figure 2-2f), nearly 20-fold longer than the monomer.
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This result suggests that when one head is bound to the Mt in the ADP state, the second (tethered)
head is able to interact with the microtubule and enhance the microtubule affinity of the motor.

2.2.5 Kinesin-5 resides in a 2HB state in the absence of ATP
To further investigate coordination between the two heads of Eg5, we measured Mtstimulated mADP release in the presence and absence of excess ATP. In kinesin-1, Mt binding
triggers ADP release by one (bound) head, while the second (tethered) retains its bound ADP
until ATP binding triggers a step (Hackney, 1994a). At low Eg5 concentrations where the free
[mADP] remains low, flushing motors against microtubules resulted in identical fluorescence
amplitudes in the presence and absence of ATP, indicating that microtubule binding by Eg5
triggers release of both mADP (Figure 2-3a). At higher mADP concentrations, Mt binding
resulted in a smaller fluorescence fall in the absence of added ATP, indicating that the motor
retained a portion of bound mADP (Figure 2-3b). The difference in amplitudes is consistent with
the second (tethered) head retaining 33% of its bound mADP, corresponding to a K !"#$
of 1.8
!
µM mADP. This tethered-head mADP affinity is an order-of-magnitude stronger than that of the
bound head (estimated 20~40 µM mADP, Figure 2-1b). Based on previous work on kinesin-1
(Andreasson et al., 2015), we interpret these data to represent a motor with both heads bound to
the microtubule with the leading head having an undocked neck linker and low mADP affinity,
and the trailing head having a forward-facing neck linker and higher mADP affinity. The higher
mADP affinity of the trailing head could be a result of the trailing head transiently unbinding and
rebinding to the microtubule, or it could represent a microtubule-bound state with a forwardfacing neck linker that traps the nucleotide in the binding pocket (‘lockdown model’) (Hackney,
2005).
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Notably, when motors bound to microtubules in the presence of ATP (Fig. 3b, +ATP
trace), there was no evidence for slow (~1 s) isomerization preceding release of the second
nucleotide. This is consistent with the motility data in Fig. 2a,b, but differs from results of others
(Krzysiak et al., 2008).

2.2.6 Hydrolysis accelerates tether-head attachment
To determine the sequence of nucleotide hydrolysis and neck linker docking during the
forward step, we carried out nucleotide-stimulated half-site mADP release assays with different
nucleotide analogs. Motors were pre-incubated with microtubules in 2 µM mADP, which is
sufficiently high to occupy the tethered head but not sufficient to occupy the bound head.
Flushing against saturating ATP triggered mADP release at 53 ± 2 s-1 (Figure 2-3c, Eg5 + ATP).
Shortening the neck linker domain from 18 to 14 residues, which increases motor processivity
(Shastry and Hancock, 2011) had no effect on this rate (Figure 2-3c, Eg514 + ATP). Flushing
against slow- or non-hydrolyzing ATP analogs led to two-fold slower mADP release (Eg5 +
ATPγS: 27 ± 1 s-1; Eg5 + AMPPNP: 19.3 ± 0.9 s-1, Figure 2-3c). These slower rates suggest that
tethered head attachment can occur either before or after ATP hydrolysis, but the kinetically
favored pathway is hydrolysis preceding tethered head attachment, as described for kinesin-1 and
kinesin-2 (Chen et al., 2015; Ma and Taylor, 1997a; Milic et al., 2014). Importantly, the ATPstimulated half-site release rate is six times faster than the motor stepping rate (8.5 ± 1.6 s-1;
Figure 2-2c), meaning that ATP binding, ATP hydrolysis, tethered head attachment, and ADP
release are all too fast to be rate limiting. Therefore, the data support a model in which trailinghead detachment is the rate-limiting step.
Flushing against ADP triggered mADP release at 1.29 ± 0.07 s-1 (Figure 2-3c, Eg5 +
ADP), which is faster than dimer unbinding rate of 0.77 s-1 in 1 mM ADP (Figure 2-2f). Because
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K !"#$
of the tethered head was estimated to be 1.8 µM (Figure 2-3b), we interpret this 1.29 s-1
!
as the mADP off-rate of the tethered head, which leads to an estimate of 0.7 µM-1 s-1 for the
tethered head mADP on-rate.
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Figure 2-3: Eg5 resides in a 2HB state during processive stepping. (a) Microtubule stimulated
mADP release in presence (red) or absence (blue) of ATP. In contrast to kinesin-1 half-site
mADP release (Hackney 1995), Eg5 releases both bound mADP at limiting [mADP]. (b) Halfsite mADP release is partially rescued by adding 0.9 µM free mADP. The fall in fluorescence in
the absence of ATP was 83% of the total, corresponding to 66% mADP release in the tethered
head, consistent with a tethered head K !"#$
of 1.8 µM. (c) Nucleotide-stimulated half-site
!
mADP release. Complexes consisting of 0.35 µM Eg5, 8 µM Mt and 2 µM free mADP were
flushed against 2 mM ATP (black), 2 mM ATPγS (Red), 2 mM AMPPNP (Blue), and 20 µM
ADP (Magenta). All solutions contained 2 µM free mADP to maintain free concentration. The
averaged transients (n = 17-18, inset) were fit by bi-exponentials (mono-exponential for ADP),
yielding rate constants kATP/HS
= 53 ± 2 s-1, kATPγS/HS
= 27 ± 1 s-1, kAMPPNP/HS
= 19.3 ± 0.9 s-1,
max
max
max
-1
and kADP
TH, off = 1.29 ± 0.07 s , respectively. ATP-stimulated half-site release rate of shorter neck
linker construct Eg514 (n = 11) was at kATP/HS
= 50 ± 3 s-1 (green).
max

2.2.7 ATP binds to the front head in the 2HB state
To determine the sequence of ATP binding and trailing head detachment, we investigated
nucleotide exchange in the 2HB state. We generated a 2HB species by mixing motors with
microtubules and AMPPNP, as described previously (Chen et al., 2015), and flushed this
complex against varying concentrations of mADP (Figure 2-4a) or mATP (Figure 2-4b). The
observed rate constants from the fast phase represent reversible binding of mant nucleotide, and
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thus were fit to the function, k obs = k on 𝑚𝐴𝑥𝑃 + k off . The fits yielded front-head ADP
-1 -1
-1
ADP
exchange rates of k ADP
FH,  on = 2.1 ± 0.25 µM s and k FH,  off = 75 ± 8 s , and front-head ATP
-1 -1
-1
ATP
exchange rates of k ATP
FH,  on = 0.28 ± 0.08 µM s and k FH,  off = 92 ± 2 s . The on-rate for mATP

binding to the front head in the 2HB species is 5-fold slower than the corresponding on-rate to the
microtubule-bound monomer (Figure 2-1e), providing evidence that rearward strain and/or
orientation of the neck linker slows nucleotide binding to the front head (front-head gating
(Rosenfeld et al., 2003)). However, at physiological ATP concentrations the time taken for ATP
binding (4 msec at 1 mM ATP) should be negligible with respect to the total cycle time (118
msec based on the 8.5 s-1 stepping rate in Figure 2-2c). Finally, we measured an on-rate for Mt
binding of k !"#$ = 4.2 ± 0.2 µM-1s-1 (Figure 2-4c), which is roughly half that of the monomer
(Figure 2-1b).

Fluorescence

Fluorescence

(a) Front-head mADP exchange (b) Front-head mATP exchange (c) Eg5 Mt-binding

Figure 2-4: Eg5 displays front-head-gating but not rear-head-gating. (a) Front-head mADP
exchange. 0.4 µM motor was incubated with 8 µM Mt and 100 µM AMPPNP for 10 minutes to
generate a 2HB species. The complexes were then flushed against varying [mADP] and the rise in
fluorescence due to mADP binding averaged for n = 16-18 traces for each [mADP] (see inset for
averaged fluorescence traces). For each condition, n = 16-18 transients were averaged and fit with
mADP
a bi-exponential, and the fast phases were fit to the equation kobs = kmADP
on, FH mADP + koff, FH . The
mADP
-1 -1
-1
mADP exchange rates were kmADP
on, FH = 2.1 ± 0.8 µM s and koff, FH = 75 ± 8 s . (b) Front-head
mATP exchange. Identical procedures were used, and the final rates were kmATP
on, FH = 0.28 ± 0.08
-1
µM-1 s-1 and kmATP
=
92
±
2
s
.
Inset.
The
averaged
transients
(n=16-18).
(c)
Bi-molecular onoff, FH
rate for Mt binding. 0.2 µM motor with 0.5 µM mADP were flushed against varying [Mt]
containing 2 mM ADP, yielding a Mt binding on-rate constant for dimeric kinesin-5 of kbind = 4.2
± 0.2 µM-1 s-1.
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The results were integrated into a kinetic model for the kinesin-5 chemomechanical cycle
at saturating [ATP] (Figure 2-5a and b). Measured and calculated rate constants are provided in
Table 2-1.
Table 1. Rate constants for the kinesin-5 chemomechanical cycle.
Table 2-1: Rate
constants for the kinesin-5 chemomechanical cycle.
State Rate Constant

Description

Source

Experiment

Units

k bind

bound-head Mt on-rate

aa

Figure 4c

4.2 ± 0.2

2-1aa

k unbind

bound-head Mt off-rateaa

Figure 2f

0.77 ± 0.06aa

2-3aa

k

ADP
off

bound-head ADP off-rateaa

Figure 1b

37.8 ± 5.3

3-4aa

k

ATP
on

bound-head ATP on-rateaa

Figure 1e

1.5 ± 0.2aa

µM-1 s-1a

4-5aa

k hyd

hydrolysis rateaa

Derivedab

250 (79,414 )

s-1a

Mt off-rate at ADP-Pi stateaa

Deriveda

21.3 ± 4.5

s-1a

1-2

aa

DP
unbind

a
a

a
a

µM-1 s-1a
s-1a
s-1a

5-1

k

5-6aa

k attach

front-head attachment rateaa

Derivedab

476 (79, 1073)a

s-1a

6-7aa

ADP
k off,
FH

front-head ADP off-rateaa

Figure 4a

75 ± 8a

s-1a

ADP
on, FH

front-head ADP on-rateaa

Figure 4a

2.1 ± 0.8a

µM-1 s-1a

k detach

trailing-head detachment rateaa

Derivedc

10.1 ± 0.3aa

s-1a

7-8aa

ATP
k on,
FH

front-head ATP on-rateaa

Figure 4b

0.28 ± 0.08aa

µM-1 s-1a

8-7aa

ATP
off, FH

front-head ATP off-rateaa

Figure 4b

92 ± 2aa

s-1a

7-6aa
6-2
7-3

k

8-4aa

k

(a) In Figure 1c and 1d, 1/k cat − 1/k

ADP
off

= 1/k hyd + 1/k

DP
unbind
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2.2.8 Eg5 stepping cycle has one rate-limiting step
To provide an independent estimate for the number of rate-limiting steps in the Eg5
stepping cycle, we carried out high-resolution tracking of gold nanoparticle-labeled Eg5 motors
17

stepping along immobilized microtubules. Single motors with a 40 nm gold nanoparticle attached
to the C-terminus were tracked with 2 ms temporal resolution and 1-2 nm localization precision,
which was sufficient to detect 8.2 nm steps (Figure 2-6a), and to quantify the duration between
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successive steps. The resulting distribution of step durations was well-estimated by an
exponential distribution with the time constant fixed to the population mean of 101.1 ms (Figure
2-6b), consistent with Eg5 having one rate-limiting step under no load.
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Figure 2-5: Conceptual model of the kinesin-5 chemomechanical cycle. (a) Detailed model for
dimeric kinesin-5 stepping. Free motors in solution (state 1) bind to the Mt (state 2), which
triggers ADP release (state 3). ATP binding (state 4) is followed by ATP hydrolysis (state 5) and
tethered-head attachment (state 6). In this 2HB state, the motor releases the ADP in its front-head
(state 7) and allows ATP binding (state 8). The 2HB motor detaches its trailing head to complete
a step (state 6-8 returns to state 3-4). In this model, the processivity is determined by the race
between tethered-head attachment (state 5 to state 6) and Mt unbinding (state 5 to state 2). (b)
Simplified model that lumps the cycle into a strong binding one-head-bound state (dark grey), a
weakly bound one-head-bound state (light gray) and a strongly-bound two-heads bound state
(white). Processivity is determined by the race occurring at the weak-binding state between
tethered head attachment and bound head dissociation. The results presented here indicate that the
motor spends most of its time in the 2HB strong-binding state. Measured and calculated rate
constants are given in Table 2-1 and details are described in the text.
It was shown previously that at minimal loads, the randomness parameter (see Methods)
for kinesin-1 was 0.5, consistent with the hydrolysis cycle having two rate-limiting steps
(Mickolajczyk et al., 2015). In agreement with this previous work, we found a randomness of
0.56 for kinesin-1 (Figure 2-6c). In contrast, we found a randomness of 0.91 for Eg5 (Figure 2-
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6c). Previous work measured a randomness near 0.5 for Eg5 under external load (Valentine et al.,
2006), but this is the first measurement of Eg5 randomness under zero load, matching the
conditions of our biochemical experiments. Simulations of our Eg5 kinetic model, in which rearhead detachment is the sole rate-limiting step, generated a value of 0.80-0.90 for the randomness
parameter, in good agreement with the experimental determination. The match between the
experimental data and simulations provides further evidence that the Eg5 stepping cycle has only
1 rate-limiting step, in support of the biochemical data.
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Figure 2-5: Stepping kinetics of kinesin-5 is consistent with one rate-limiting step per
ATPase cycle. (a) Example raw trace for kinesin-5 stepping at saturating ATP concentrations (2
mM). A 40 nm gold nanoparticle was attached to the C-terminus using biotin-streptavidin, and
imaged under total internal reflection dark field microscopy at 500 frames per second (see
Methods). Output of a model-free step-finding algorithm is overlaid in red, showing clear
measurement of 8.2 nm steps. (b) Distribution of step durations (N=2478 steps from 59 traces) as
called by the step-finding algorithm. The data are well described by an exponential distribution,
𝑃 𝑡 = 𝜆𝑒 !!" . Fixing λ at the measured population mean (101.1 ms) and performing regression
(red line) returned R2=0.96. (c) Distribution of measured randomness values for kinesin-1 (blue, n
= 47 traces) and kinesin-5 (red, n = 59 traces). Gaussian fits to the distributions returned a center
value of 0.56 for kinesin-1 and 0.91 for kinesin-5. Videos and analysis of Eg5 stepping were
carried out by K. Mickolajczyk.
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2.3 Discussion
In contrast to transport kinesins that rapidly dissociate upon reaching the microtubule
plus-end (Varga et al., 2009), kinesin-5 remain bound to microtubule plus-ends for more than 7
seconds before dissociating (Chen and Hancock, 2015). More importantly, these end-bound
motors increase the microtubule growth rate and suppress the catastrophe frequency, meaning
that in addition to generating outward-directed forces to maintain spindle integrity, kinesin-5
motors help to build the mitotic spindle. The goal of the present study was to uncover aspects of
the kinesin-5 chemomechanical cycle that contribute to this end-binding and polymerase activity.
We previously put forward three potential mechanisms that could explain the plus-end binding
activity of kinesin-5 (Chen and Hancock, 2015). First, motors may dissociate slowly from the
microtubule in the ADP state when unable to take a forward step. Second, ATP hydrolysis may
trigger stepping by the tethered head, such that end-bound motors wait in an ATP-bound state.
Third, due to specific features of its hydrolysis cycle, kinesin-5 motors may spend a large fraction
of their hydrolysis cycle in a 2HB state, which results in long-lived plus-end binding and
stabilization of incoming tubulin. Below, we describe data that rule out the first two hypotheses
and support the third hypothesis. We then present a model for the kinesin-5 hydrolysis cycle that
diverges in some aspects from previous models and explains unique features of kinesin-5
mechanochemistry that may underlie its polymerase activity.
We found that monomeric Eg5M hydrolyzes one ATP per microtubule encounter and that
the monomer turnover rate matches the stepping rate of the dimer, consistent with previous work
(Kaseda et al., 2008). Furthermore, in single-molecule assays, monomeric motors dissociated at
similar rates of ~15 s-1 in both ATP and ADP, consistent with previous work (Rosenfeld et al.,
2005). Thus, to the extent that a monomer is equivalent to an end-bound dimer in which the
tethered head is unable to take a forward step, there is no unique feature of Eg5 monomers that
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explains end-binding by the dimer. Specifically, both monomers and dimers in ADP dissociate
much more rapidly than end-bound dimers. This result rules out the first hypothesis that motors
dissociate slowly from the microtubule in the ADP state when unable to take a forward step.
The second hypothesis, that tethered head attachment is a prerequisite for ATP
hydrolysis, is also ruled out by the experiments. The 15 s-1 monomer hydrolysis rate demonstrates
that hydrolysis does not need a second head. Also, in the dimer, ATP triggers half-site mADP
release at a faster rate than does AMPPNP or ATPγS, consistent with hydrolysis accelerating
tethered head attachment rather than tethered head attachment triggering hydrolysis
(Mickolajczyk et al., 2015; Milic et al., 2014). Instead, the results support our third hypothesis,
namely that kinesin-5 motors spend a large fraction of their hydrolysis cycle in a 2HB state.
Our results are consistent with a kinesin-5 mechanochemical cycle (Figure 2-5) that has
a number of specific features that diverge from previous kinesin-5 work. For clarity, we separate
the initial microtubule interaction (states 1à2) from the subsequent states (3à8) that make up
the normal hydrolysis cycle. The measured Mt binding and ADP release rates are similar to rates
measured previously (Cochran et al., 2004), but the tethered head in State 3 had a relatively low
ADP affinity of 1.8 µM. We found previously for kinesin-1 that extending the neck linker domain
from wild-type 14 residues to 18 residues (which matches the native neck linker of kinesin-5
(Hariharan and Hancock, 2009)) results in the rate of tethered head ADP exchange increasing
from 0.4 s-1 to 1.3 s-1 (Andreasson et al., 2015). The measured kinesin-5 tethered head ADP offrate of 1.3 s-1 (based on mADP exchange with ADP in Figure 2-3c) matches this rate and
suggests that the faster exchange relative to wild-type kinesin-1 results from the longer 18-residue
neck linker of kinesin-5. We propose that the trailing head in State 2 and 3 is actually bound to
the microtubule with its neck linker in a forward orientation due to tension from the second head.
For kinesin-1, evidence that the tethered head interacts with the microtubule comes from the
faster rate of reversal of ATP hydrolysis in the tethered head compared to a free motor in solution

43
(Hackney, 2005). Evidence that a forward-facing neck-linker domain traps the nucleotide come
from the finding that “lock-down” of the neck linker by binding of the tail domain or by
crosslinking traps ADP in the binding pocket even in the presence of microtubules (Kaan et al.,
2011).
Further evidence that the tethered head is bound to the microtubule comes from the
difference in monomer and dimer unbinding rates. In saturating ADP, which induces a weakbinding state, the monomer dissociates at 17 s-1 (Figure 2-1d), whereas the dimer dissociates
nearly 20-fold slower at 0.77 s-1 (Figure 2-2f), suggesting that both heads must unbind for the
dimer to dissociate from the microtubule.
The second feature of the hydrolysis cycle is that in States 4à6, ATP hydrolysis
precedes attachment of the tethered head to the next binding site. Evidence for this sequence in
kinesin-1 came from the finding that slowing hydrolysis using ATPγS does not enhance motor
run length, and that under assisting loads added Pi enhances the run length (Mickolajczyk et al.,
2015; Milic et al., 2014). For kinesin-5, we found that nucleotide-triggered mADP release from
the tethered head is faster in ATP than in ATPγS or AMPPNP (Figure 2-3c), consistent with
hydrolysis triggering complete neck linker docking and tethered head binding. Previous work
suggested that ATP hydrolysis is the rate-limiting step in the kinesin-5 hydrolysis cycle (Krzysiak
and Gilbert, 2006), but the fast rate of ATP-triggered mADP release (53 ± 2 s-1; Figure 2-3c)
argues against this. The finding that the monomer dissociation rate is similar in ATP and ADP
(Figure 2-1d) also argues against ATP hydrolysis being rate limiting, as follows. If the monomer
unbinding rate in the ADP-Pi state is equal to or slower than the unbinding rate in ADP, then the
similar unbinding rates in ADP and ATP mean that hydrolysis must be significantly faster than
the 17 s-1 unbinding rate. Thus, an important feature in the chemomechanical cycle in Figure 2-4c
is that termination of a run occurs from the ADP-Pi bound state 5, and that run length is
determined by a race between k DP
unbind and k !""!#$ at state 5.
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The third important feature of the hydrolysis cycle is that ATP binds in a 2HB state (State
6à8). The key piece of evidence is the nucleotide exchange kinetics when motors are locked in a
2HB state with AMPPNP (Figure 2-4a and b). This analog is thought to generate a 2HB state
with AMPPNP trapped in the trailing head and an empty front head (Chen et al., 2015; Guydosh
and Block, 2006; Rosenfeld et al., 2003), and the rapid binding kinetics demonstrates that
nucleotide readily binds to the front head. The front-head mATP on-rate in Figure 2-4b was 5fold slower than the corresponding on-rate for monomeric Eg5M (Figure 2-1e), providing
evidence for front-head gating (Block, 2007). However, the front-head on-rate of 0.3 µM-1s-1
means that at a concentration of 1 mM, ATP binding will only take 3 msec, which is very fast
relative to roughly 100 msec cycle time. Thus, under physiological conditions ATP binds when
the motor is in a 2HB state.
The final defining feature of the chemomechanical cycle in Figure 2-5 is that trailing
head detachment (State 8à4) is the rate-limiting step in the cycle at saturating ATP. Evidence
comes from comparing the rate ATP-triggered half-site release (53 s-1 in Figure 2-3c) to the
overall stepping rate (9.5 s-1 in Figure 2-2d). In the hydrolysis cycle of Figure 2-5, the half-site
release experiment begins in state 3 and terminates in state 7 when ADP is released. The
remaining steps in the cycle are the ATP binding transition 7à8, which we show to be fast as
described above, and the trailing head detachment rate (state 8à4). Thus, it follows that trailing
head detachment (estimated at 10 s-1 by comparison of half-site and stepping rates) is the slowest
transition in the cycle and the motor will remain in a 2HB state for most of the cycle. As trailing
head detachment at 10 s-1 is near the monomer unbinding rate of 15 s-1 (Figure 2-1d), there is no
evidence of rear-head gating, meaning that inter-head strain does not appear to accelerate trailing
head detachment. A recent optical trapping study using kinesin-1 with extended neck linkers
suggested that the inter-head tension present in wild-type kinesin is relieved when the neck linker
is extended from 14 to 15 or more residues (Andreasson et al., 2015), in agreement with this lack
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of rear-head gating of kinesin-5 (which has an 18 residues neck linker). Based on the tethered
head exchange results (ADP in Figure 2-3c), nucleotide release from the trailing head in this
2HB state 8 is expected to be slow (1.3 s-1) due to the forward neck linker orientation that traps
nucleotide in the pocket. One possibility is that Pi release is the rate-limiting transition that
determines detachment; alternatively Pi release could be coupled with or immediately follow
detachment (Muretta et al., 2015).
One hallmark of kinesin-5 motility is its minimal processivity, which has been
functionally accounted for by the fact that the motors work intracellularly in teams (Kaseda et al.,
2008; Valentine and Block, 2009; Valentine and Gilbert, 2007; Valentine et al., 2006). We
previously showed that shortening the Eg5 neck linker to match the 14 residues of kinesin-1
results in ~1 µm run lengths similar to wild-type kinesin-1 (Shastry and Hancock, 2011). The
present work is consistent with that result – in the framework developed in Figure 2-5, run length
-1
is determined simply by the race between k DP
unbind and k !""!#$ at State 5. Based on the 15 s

monomer unbinding rate (Figure 2-1d), we estimate k DP
unbind (5à1 transition in Figure 2-5) at 15
s-1, putting k !""!#$ at approximately 300 s-1 to match the observed unloaded run lengths measured
here. Shortening the neck linker to 14 residues, which increases the run length by roughly a factor
of four (Shastry and Hancock, 2011) is hypothesized in our model to enhance k !""!#$ to over
1000 s-1. The finding that the ATP-stimulated mADP release for Eg514 matches the rate of Eg5
(half-site data in Figure 2-3c) is consistent with this prediction, though it doesn’t provide
stringent constraints.
Another distinctive feature of kinesin-5 processivity is its relative insensitivity to load.
Whereas a 4 pN assisting load decreases the kinesin-1 run length by roughly 10-fold (Andreasson
et al., 2015), a similar assisting load diminishes the kinesin-5 run length by only a factor of 2
(Valentine and Block, 2009). This property was also observed in mixed motor gliding assays –
kinesin-5 motors were able to efficiently slow the transport of microtubules driven by faster
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transport motors (Arpağ et al., 2014). This ability to resist loads is consistent with the proposed
role of kinesin-5 as a “brake” that stabilizes microtubule bundles in axons – motor inhibition
leads to faster axonal outgrowth and longer branches in culture (Myers and Baas, 2007).
Maintaining spindle integrity requires sustained force generation, so this property also aligns with
the motors mitotic function. The finding that kinesin-5 spends the majority of its hydrolysis cycle
in a 2HB state provides a mechanism to explain its ability to resist loads.
Recent work using time-resolved kinetics suggested that in monomeric Eg5 there is weak
conformational coordination between switch-1 closure and neck linker docking (Muretta et al.,
2015). Interestingly, we found that monomeric Eg5 has a tightly coupled chemomechanical cycle
(k !"#$%
= 1), whereas monomeric kinesin-1 does not (k !"#$%
= 3-7, (Jiang et al., 1997)). The Eg5
!"
!"
k !"#$%
could be explained by the race between the opening of the switch-1 cleft and motor
!"
unbinding, as follows. Following ATP hydrolysis, Eg5 opens its switch-1 cleft on a time scale of
100 msec (10 s-1) to allow nucleotide release (Muretta et al., 2015). We measured a detachment
rate of 15 s-1 for monomeric Eg5, which makes a second ATP turnover event unlikely to occur.
The finding that kinesin-5 is predominantly in a 2HB state provides a general mechanism
to account for the motors’ observed microtubule polymerase activity – the 2HB state bridges
adjacent tubulin subunits on a single protofilament and thereby enhances microtubule stability.
Family-specific features of kinesin-5 that may contribute to this behavior include a rearwardfacing orientation of the neck linker in the apo or ADP states (Goulet et al., 2014), and the 18
residue neck linker domain, which could provide added inter-head flexibility.
A full accounting of the cellular function of kinesin-5 requires accounting for all of the
structural and regulatory elements present in the wild-type motor. The construct employed here, a
dimer in which the heads are connected through a stable kinesin-1 coiled-coil domain, provides
an excellent model system for identifying features of inter-head coordination. However, the wildtype motor is a tetramer, the tail domains reside near the opposite head domains and may bind
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microtubules and regulate the motor activity (Kapitein et al., 2005). There is also evidence of
communication through the tetrameric coiled-coil domain meaning that mechanical activity of
one pair of heads may regulates the behavior of the motors at the opposite end of the molecule
(Scholey et al., 2014). Additionally, this model provides open questions on the ionic strengthdependent directional switching of yeast kinesin Cin8 (Gerson-Gurwitz et al., 2011; Roostalu et
al., 2011) and the microtubule depolymerizing properties of yeast kinesin-5 Kip1p (Gardner et al.,
2008; McCoy et al., 2015). Finally, phosphorylation may regulate motor activity (Avunie-Masala
et al., 2011). Hence, with the current core hydrolysis cycle, a framework is in place to understand
these other modulating factors that determine behavior of the wild-type tetramer in cells.

2.4 Experimental Procedures
Protein constructs, purification, and quantification— All kinesin-5 dimeric constructs
consisted of the head and neck linker domain of X. laevis Eg5 (residues 1-367) fused to the
coiled-coil (residues 345-559) of Drosophila KHC, as previously described (Shastry and
Hancock, 2011). The dimeric motor Eg5 and Eg514 denote the neck linker lengths of wild type 18
residues and truncated 14 residues, respectively. Monomeric Eg5 (Eg5M) includes the entire
catalytic core and entire 18 residue neck linker (residues 1-367) fused to a hexa-His tag or to an
AviTag (GGGLNDIFEAQKIEWHE) followed by a hexa-His tag. Details of the eGFP-fusion,
biotinylation procedures, bacterial expression, and protein purification and storage were described
previously (Chen et al., 2015; Mickolajczyk et al., 2015; Shastry and Hancock, 2010). Active
motor concentration was quantified by mADP chase-off assays (Chen et al., 2015), and all motor
concentrations described correspond to the active motor concentration. Active motor
concentrations were typically 30-40% of total motor concentrations quantified by SDS-PAGE
using Coomassie Blue staining. Stock concentrations of dimeric motors were 1- 30 µM, and
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monomeric motors were 30-100 µM. Experiments were carried out in BRB80 buffer (80 mM
PIPES, 1 mM EGTA, 1 mM MgCl2, pH 6.8) at 23 °C.
ATPase assays— ATPase was carried out by enzyme-coupled assay with 50 nM active
monomeric motor, and hydrolysis rates were estimated by steady-state absorbance decrease at
!"#$%&
340 nm, as previously described (Chen et al., 2015). The parameter 𝑘!"
was calculated by

dividing the maximal ATP hydrolysis rate by the [Mt] at half-maximal ATPase, as carried out
previously for kinesin-1 dimer (Hackney, 1995) and monomer (Jiang et al., 1997).
Single-molecule fluorescence— Single-molecule fluorescence of GFP-labeled or QD655labeled (Thermo-Fisher Q10121MP) motors was carried out using a Nikon TE-2000 TIRF
microscope, as previously described (Chen et al., 2015). Microtubules were polymerized by
mixing a 1:20 ratio of Cy5-labeled and unlabeled calf brain tubulin. A monoclonal anti-β-tubulin
antibody (Sigma T7816) or kinesin-1 rigor mutant (Mickolajczyk et al., 2015) was used to
immobilize microtubules, followed by blocking with 0.5 mg/mL casein. To image vivid QD655labeled motor, β-mercapoethanol was not used in an oxygen scavenger system due to quenching,
and the imaging time was kept below 60 seconds to prevent photo-damage. Dwell time data were
analyzed with the MultipleKymograph plug-in in ImageJ (http://imagej.nih.gov/ij/), using specific
macros to ensure the fluorescence events were aligned with the microtubule tracks.
To quantify initial pausing events, run lengths and velocities, single-molecule
measurements on QD655-labeled motors were analyzed by point-spread fitting using FIESTA
software (Ruhnow et al., 2011). The initial velocity was determined by linear fit of displacement
during the first second, and the remainder of the trace was fit to obtain the steady-state velocity.
Student t-tests were used to determine the occurrence of the “initial pause” and the difference
between the initial velocity and the steady-state velocity. For run length and velocity
measurements, analyses included only run lengths above 100 nm and velocities between 40 – 120
nm/s to rule out pausing and diffusive events.
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High-speed single-molecule tracking by total internal reflection dark field microscopy —
High-speed single-molecule tracking experiments were carried out using a custom-built total
internal reflection dark field microscope utilizing micro-mirrors (Lebel et al., 2014). The
microscope was built around a Mad City Labs RM21 base (Larson et al., 2014), using
micromirrors both to provide illumination and to pick the totally internally reflected beam.
Objective-type total-internal reflection was achieved using an Olympus 1.49 NA objective, and
illumination was provided by a Coherent Sapphire-LP 532 nm laser. Images were recorded using
a Basler Ace acA2000-165um CMOS camera. Kinesin-1 and -5 motors were prepared with a
biotinylated C-terminal Avitag as previously (Mickolajczyk et al., 2015), and mixed with 40 nm
neutravidin-coated gold nanoparticles (Nanopartz) at the lowest molar ratio of total motor
concentration (including non-biotinylated and inactive) to gold that produced landing events
(16:1 for kinesin-1 and 4:1 for kinesin-5). Microtubules were attached to the glass substrate using
full-length rigor kinesin-1 mutant, as previously described (Mickolajczyk et al., 2015).
High-resolution position versus time traces were obtained from 500 frame/s movies by
fitting the point spread function with a 2D Gaussian using FIESTA software (Ruhnow et al.,
2011). X-Y trajectories were rotated to minimize the standard deviation in the X direction,
resulting in alignment of the Y axis with the microtubule axis. Step finding was performed on the
Y-displacement versus time traces using the tDetector algorithm (Chen et al., 2014b), which
returned step sizes and durations. Randomness measurements were calculated using formula
(Svoboda et al., 1994; Verbrugge et al., 2009),
𝑟=

! ! ! ! !(!) ! !! !
! !(!)

.

All data analysis was done in MATLAB.
Stopped-flow setup— Stopped-flow measurements using mant-nucleotides were carried
out on an Applied Physics SX20 spectrofluorometer using 356 nm excitation with a HQ480SP
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emission filter. Note that the mant moiety does not change nucleotide affinity for kinesin-5,
unlike 20-fold difference measured for kinesin-2 (Chen et al., 2015) and 2-fold difference for
kinesin-1 (Mickolajczyk et al., 2015). All nucleotides contained equimolar Mg2+.
!"#
k !"
experiments— Experiments were carried out by mixing 0.2 µM mADP!" and k !"

incubated motors against solutions containing 2 mM ADP and varying [Mt] . Data were fit to a
biexponential, and the observed rate of the fast phase, kobs was fit to:
𝑘!"# =

!"#$
!!""
[!"]
!"
[!"]!!!.!

.

!"#$
!"
where 𝑘!""
and 𝐾!.!
correspond to the mADP off-rate and the apparent Mt affinity,

respectively. At low Mt concentration, the rates can be fit by linear regression, where the slope
!"#
corresponds to 𝑘!"
, the apparent bimolecular Mt on-rate (Hackney, 1995).

Nucleotide-stimulated half-site release assays—Motors (0.3-0.4 µM) were incubated with
microtubules and 2 µM mADP to generate a species with no nucleotide in the bound head and
mADP in the tethered head (Hackney, 1994a). To quantify the nucleotide-induced tethered-head
stepping rate, this complex was flushed against a solution containing 2 mM ATP, 2 mM ATPγS,
or 2 mM AMPPNP with additional 2 µM mADP to maintain a constant [mADP]. To measure the
intrinsic tethered-head mADP release rate, the complex was flushed against a solution containing
20 µM ADP to prevent mADP rebinding to the tethered head; this lower concentration ensures
that the bound head has minimal dissociation events. Signals were fit by a biexponential for ATP,
ATPγS, and AMPPNP, and a single exponential for ADP. Control experiments confirmed that 1
mM nucleotide was sufficient to achieve maximal half-site mADP release rate.
Front-head nucleotide exchange kinetics— Motors at 1-2 µM were mixed with 40 µM Mt
and 500 µM AMPPNP to generate a 2HB motor. After 10 min incubation, complexes were
diluted 5-fold with BRB80 buffer to maximize the species with AMPPNP in the bound head and
no nucleotide in the front head. These complexes were then flushed against varying mant-
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nucleotide concentrations to estimate the nucleotide on- and off-rates, as determined previously
(Chen et al., 2015):
!"#$
!"#$
𝑘!"# = 𝑘!"
[𝑚𝐴𝑥𝑃] + 𝑘!""
.

Simulation of single-molecule traces— Stochastic simulations were carried out using the
parameter set obtained from single-molecule and ensemble measurements, as previously
described (Chen et al., 2015). After recapitulating the stepping traces, the randomness was
quantified using both temporal duration (Schnitzer and Block, 1995) and spatial fluctuation
(Svoboda et al., 1994) to check its robustness. Code can be found in the Randomness.txt file in
Supplementary Data.
Data analysis— All curve-fitting for stopped-flow data was carried out using regression
with instrumental weighting function in OriginPro 9.1 software. Data are presented as mean ±
standard error of fit (SE) unless otherwise noted.

Chapter 3

Kinesin-5 promotes microtubule assembly by stabilizing a lattice-competent
conformation of tubulin
Besides sliding apart antiparallel microtubules during spindle elongation, the mitotic
kinesin-5, Eg5 promotes microtubule polymerization, emphasizing its importance in mitotic
spindle length control. Here, we characterize the Eg5 microtubule polymerase mechanism by
assessing motor-induced changes in the longitudinal and lateral tubulin-tubulin bonds that form
the microtubule lattice. Although dimerized Eg5 heads can stabilize tubulin-tubulin longitudinal
bonds by “stapling” adjacent tubulin, isolated Eg5 motor domains promote microtubule
nucleation, growth and stability against depolymerization, indicating that the microtubule
polymerase activity resides within the motor domain. Eg5 binds preferentially to microtubules
over free tubulin, and the data are consistent with a model in which Eg5 induces a curved-tostraight transition in tubulin, the opposite of models used to describe microtubule depolymerizing
kinesins. In support of this model, colchicine-like “intra-dimeric wedge” inhibitors that stabilize
the bent conformation of tubulin antagonize Eg5 binding in a non-competitive manner;
conversely, Eg5 binding to tubulin antagonizes inhibitor binding. Domain swap experiments
establish that the family-specific Loop11, which resides near the nucleotide-sensing Switch-II
domain, is necessary and sufficient for the polymerase activity of Eg5. Thus, we propose a
microtubule polymerase mechanism in which Eg5 at the plus-end promotes a curved-to-straight
transition in tubulin that enhances lateral bond formation and thereby promotes microtubule
growth and stability.
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3.1 Introduction to Eg5-mediated Microtubule Dynamics
Faithful segregation of genetic material to daughter cells requires tight control of mitotic
spindle size and architecture. Stochastic switching between microtubule growth and shrinkage
enables assembly and dynamic remodeling of the mitotic spindle, and these microtubule
dynamics are mediated by dozens of regulatory proteins (Mitchison and Kirschner, 1984;
Needleman et al., 2010). Thus, understanding the spatiotemporal regulation of microtubule
dynamics during mitosis is essential for uncovering mechanisms that cells use to ensure proper
chromosome segregation.
Tubulin subunits are held in the microtubule lattice by both longitudinal tubulin-tubulin
contacts that stabilize protofilaments, and lateral contacts that join adjacent protofilaments
(Gardner et al., 2011b; VanBuren et al., 2002; Voter and Erickson, 1984). Incorporation of
tubulin into the lattice is determined by the tubulin nucleotide state, with the textbook explanation
being that GTP-tubulin adopts a straight conformation that readily incorporates into the lattice,
whereas GDP-tubulin adopts a curved conformation. However, more recent work has shown that
soluble tubulin with either GTP- or GDP-bound adopt a curved conformation (Ayaz et al., 2012;
Igaev and Grubmüller, 2018; Rice et al., 2008), suggesting that growth at the microtubule plusend requires the incoming tubulin to undergo a curved-to-straight transition before being
incorporated into the lattice. Consistent with this, images of growing microtubule plus-ends often
show curled protofilaments in which longitudinal contacts have formed, but lateral contacts that
require the curved-to-straight transition have not yet formed. (Bechstedt and Brouhard, 2012;
Bechstedt et al., 2014; Chretien et al., 1995; Mandelkow et al., 1991; McIntosh et al., 2018). One
prediction of this model is that biasing the curved-to-straight transition of tubulin by mutagenesis
(Geyer et al., 2015; Ti et al., 2016), small-molecule inhibitors (Gigant et al., 2005; Ravelli et al.,
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2004), or other means should affect lateral bond stability and generally promote microtubule
polymerization.
Kinesin motors are one class of proteins that modulate mitotic microtubule dynamics.
The best-studied examples are the microtubule-depolymerizing kinesin-8s and kinesin-13s that
diffuse or actively walk to the microtubule plus-end and promote depolymerization there
(Helenius et al., 2006; Varga et al., 2006, 2009). There is both structural and biochemical
evidence that these motors preferentially bind to free tubulin and stabilize the curved
conformation that is incompatible with lateral tubulin-tubulin bond formation (Arellano-Santoyo
et al., 2017; Friel and Howard, 2011; Wang et al., 2016a). There is also evidence that other
kinesins, such as the kinesin-7 CENP-E, which is essential for proper chromosome alignment,
accumulate at microtubule plus-ends and enhance microtubule stability in vivo (Gudimchuk et al.,
2013; Schaar et al., 1997). However, the underlying microtubule stabilization mechanisms remain
unclear, and whether other mitotic kinesins also modulate tubulin dynamics is not established.
Tetrameric kinesin-5 is best known for sliding antiparallel microtubules apart during
spindle formation, but in addition to its mechanical activities, there is evidence that kinesin-5
motors also alter microtubule dynamics. Based on knockouts of Cin8 or Kip1 in budding yeast,
Gardner and colleagues argued that yeast kinesin-5 motors act as microtubule depolymerase
during anaphase (Gardner et al., 2008). However, other studies in budding yeast (Fridman et al.,
2013), and work in fission yeast (Rincon et al., 2017) did not find evidence of fungal kinesin-5
depolymerase activity. In contrast, a dimeric construct of Xenopus Eg5 was shown to act as a
microtubule polymerase in vitro (Chen and Hancock, 2015), an activity that was attributed to the
ability of the two heads to “staple” together consecutive tubulin in a protofilament (Chen et al.,
2016). The apparent discrepancy between the in vivo yeast results and the in vitro vertebrate
results remains unresolved.
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In this study, we reveal the mechanism of the microtubule polymerase activity of
vertebrate Eg5. Contrary to the expectation that the two heads of Eg5 “staple” together adjacent
tubulin dimers, we find that monomeric Eg5 motor domains strongly promote microtubule
nucleation, increase the microtubule growth rate, and stabilize the microtubule lattice against
depolymerization. Quantitative assays show that Eg5 monomers preferentially bind to straight
rather than curved tubulin, consistent with the mechanism being a complement to the tubulin
curvature-sensing mechanism proposed for the kinesin-8 and kinesin-13 microtubule
depolymerases. We find that Loop11 is the key sequence in Eg5 that confers polymerase activity,
and that swapping this structural element into kinesin-1 confers polymerase activity on this
transport motor. Taken together, our results illustrate that Eg5 drives a curved-to-straight
transition in tubulin at the plus-end of a growing microtubule, which strengthens lateral tubulintubulin contacts and promotes microtubule assembly. This microtubule polymerase activity may
play an important role in the ability of kinesin-5 to control spindle size and architecture in mitotic
cells.

3.2 Results

3.2.1 Eg5 motors enhance microtubule plus-tip stability
We previously showed dimeric Xenopus Eg5 accumulates at microtubule plus-ends,
enhances the microtubule growth rate and decreases the microtubule catastrophe frequency (Chen
and Hancock, 2015). A subsequent mechanochemical analysis indicated that the Eg5
predominantly resides in a two-heads-bound state (Chen et al., 2016), leading to the hypothesis
that the polymerase activity results from the motor “stapling together” consecutive tubulin in a
protofilament. To better understand the mechanism of Eg5 microtubule polymerization
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enhancement, we visualized microtubules grown in the presence and absence of dimeric Eg5
using both total-internal reflective fluorescence (TIRF) microscopy and negative-stain electron
microscopy (EM). When microtubules were polymerized from unlabeled tubulin in the presence
of GFP-labeled Eg5 dimers (Chen and Hancock, 2015), motors were observed streaming along
the microtubules and 20% of growing plus-ends (N = 16 out of 83 microtubules) had curved
tapers that were observable by TIRF microscopy (Figure 3-1A). These plus-end curls had
diameters of ~1 µm, much larger than “ram’s horn” structures observed on depolymerizing
microtubules, and many of the curved protofilament bundles subsequently straightened and were
incorporated into the microtubule lattice. In control experiments with kinesin-1, no plus-end curls
were observed (N = 101 microtubules; not shown). When microtubules were examined in greater
detail with negative-stain EM, sheets consisting of bundles of protofilaments were observed at
many microtubule plus-ends, and in the presence of Eg5, both the frequency of plus-end sheets
and the length of the sheets were enhanced (Figure 3-1B to D). These results suggest that Eg5
motors stabilize plus-tip tapers.
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Figure 3-1: Eg5 motors enhance tubulin nucleation and microtubule growth. (A-D) Eg5
promotes diverse tip structures. (A) TIRF microscopy images of dynamic microtubule plus-ends
growing in the presence of GFP-labeled dimeric Eg5. Scale bar: 1 µm. (B) Negative-stain EM
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image of microtubules grown in the presence of Eg5, showing ribbon (closed arrow) and sheet
(open arrow) structures. (C) Quantification of the fraction of microtubule ends containing open
sheets, and (D) mean length of plus-end sheets (nMT = 243-315). (E-I) Eg5 motors induce
microtubule nucleation. (E) Epi-fluorescence images of TMR-labeled microtubules grown in the
presence or absence of unlabeled Eg5 dimers (n = 10; mean ± SEM). Scale bar: 5 µm. (F and G)
Number of nucleated microtubules as a function of initial free tubulin concentration. (H)
Averaged turbidity traces of 8 µM free tubulin growing in the presence and absence of 130 nM
Eg5 motors, demonstrating that Eg5 reduces nucleation lag time and results in higher turbidity
plateau, indicating greater polymer mass (n = 3-5 traces). (I) Turbidity signal at 1 hour across
tubulin concentrations demonstrating that Eg5 reduces critical concentration of tubulin
nucleation. (J and K) Eg5 motors accumulate at the microtubule plus-ends. (J) Schematic and
TIRF image of GFP-labeled Eg5 motors accumulating at the plus-end of a GMPCPP-stabilized
microtubule. Open arrows indicate Eg5 end-bulbs. Scale bar: 2 µm. (K) Negative-stain EM image
and diffraction pattern of a microtubule grown at 1:1000 Eg5:tubulin stoichiometry. 8 nm layer
line is indicative of the motor decorating the lattice with 8 nm periodicity.

3.2.2 Eg5 motors promote microtubule nucleation
We hypothesized that, because Eg5 motors stabilize protofilaments at growing
microtubule plus-ends, they may also enhance microtubule nucleation. To test this hypothesis, we
polymerized microtubules starting from different free tubulin concentrations, immobilized the
polymers on the surface of a coverslip, counted the microtubules directly (Zheng et al., 1995),
and found that at all tubulin concentrations, Eg5 motors increased the number of nucleated
microtubules relative to control (Figure 3-1E to G). As an alternate method to assess nucleation,
we carried out tubulin turbidity measurements to quantify the time-dependent increase in polymer
mass, indicative of microtubule nucleation and growth (Figure 3-1H). In the absence of Eg5, the
turbidity trace contains an initial lag (the nucleation phase), followed by a rising signal (the
elongation phase) that eventually reaches a plateau. Including a physiologically relevant
concentration of Eg5 in the reaction (130 nM) eliminated the lag phase, suggesting that Eg5 is
indeed a microtubule nucleation enhancer (Figure 3-1H). Furthermore, the steady-state turbidity
signals at 60 minutes increased across tubulin concentrations, indicating that Eg5 reduces the
critical concentration of polymer formation (Figure 3-1I). The critical concentration in the
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presence of Eg5 was about half of the control (1.8 µM versus 3.5 µM), suggesting that Eg5
lowers the activation energy barrier of microtubule seed formation (Roostalu and Surrey, 2017).
Additionally, we measured microtubule growth from short GMPCPP microtubule seeds
(Wieczorek et al., 2015) and found that Eg5 increased the fraction seeds that supported new
growth across a range of tubulin concentrations (Figure 3-2). These three lines of evidence
confirm that Eg5 is both a de novo and a template-based microtubule nucleation promoter. In
addition to its established antiparallel microtubule sliding activity of Eg5, this nucleating activity
may play a role in regulating aster formation during prometaphase (Helmke and Heald, 2014).
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Figure 3-2: Eg5 motors induce template-based nucleation. (A) Epi-fluorescence images of
TMR-labeled microtubules elongation on Cy5-labeled GMPPCP-seeds in the presence or absence
of 130 nM unlabeled Eg5 dimers (n = 109-713; mean ± SEM). Scale bar: 5 µm. (B) Fraction of
tip-nucleated microtubules as a function of initial free tubulin concentration.
To better understand the microtubule stabilization activity of Eg5, we used negative stain
electron microscopy to visualize motors on growing microtubules. Consistent with previous
fluorescence work that showed plus-end accumulation of Eg5 (Figure 3-1J) (Chen and Hancock,

59
2015), we found that even at 1:1000 Eg5-to-tubulin stoichiometry, dimeric Eg5 decorated the
microtubule lattice (Figure 3-1K). Because microtubules have a cooperative structure stabilized
by tubulin-tubulin longitudinal and lateral contacts, the accumulation of motor might
synergistically stabilize the bundles and promote microtubule assembly, and the endaccumulating Eg5 motors might readily “staple” the newly engaged tubulin.

3.2.3 Monomeric Eg5 is sufficient to promote microtubule assembly
Because of its dimeric structure, we hypothesized that Eg5 promotes microtubule
stabilization and nucleation by “stapling” consecutive tubulin on a given protofilament into the
lattice. To test whether this crosslinking is necessary for Eg5 polymerase activity, we deleted the
coiled-coil region to generate a monomeric Eg5 construct, Eg5M, and used TIRF microscopy to
quantify the microtubule growth rate in the presence of monomeric or dimeric Eg5 (Figure 3-3A
to C). In the first experiment, we maintained a constant 20 µM tubulin concentration and varied
motor concentrations (Figure 3-3D). Dimeric Eg5 motors increased the microtubule growth rate
by an order of magnitude at this tubulin concentration, with half-maximal activity achieved at an
EC50 ~ 2 nM. This EC50 is considerably tighter than the motor’s reported microtubule affinity of
~100 nM (Chen et al., 2016), which is likely due to concentration of motors at the plus-end, as
seen in Figure 3-1J. Surprisingly, monomeric Eg5M at high concentrations also potently
promoted microtubule assembly, establishing that stapling of adjacent tubulin by dimeric motors
is not necessary for the Eg5 polymerase activity. The EC50 of ~ 250 nM was close to its
microtubule affinity (KM = 500 nM, Figure 3-3G), suggesting that maximum polymerase activity
of the monomer requires nearly saturated occupancy of the lattice. Nevertheless, this result
establishes that there are intrinsic properties within the Eg5 head domain that can modulate
tubulin dynamics. We also found that, like Eg5 dimer, Eg5M shortened the lag time in the
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turbidity assay and enhanced microtubule numbers (Figure 3-4A to D), demonstrating that Eg5
microtubule nucleation activity also operates by a mechanism other than crosslinking adjacent
tubulin in the lattice.

Figure 3-3: Monomeric Eg5 promotes microtubule assembly and enhances microtubule
stability. (A-E) Microtubule growth rates. (A) Schematic of microtubule dynamics assays, in
which TMR-labeled tubulin is grown off of biotinylated GMPCPP microtubule seeds, and the
microtubules are imaged by TIRF microscopy. (B) Example kymograph showing unlabeled seed
and growth from both ends over time. (C) Diagrams of constructs. Dimeric Eg5 was made by
replacing the native Eg5 coiled-coil with the kinesin-1 coiled-coil to ensure stable dimerization
(Chen and Hancock, 2015; Shastry and Hancock, 2011). Monomeric Eg5M was constructed by
completely removing the Eg5 coiled-coil domain, leaving only the catalytic core and neck linker
domains. (D) Motor-dependent microtubule growth velocities at 20 µM tubulin and varying
motor concentrations. EC50 values were 2.5 ± 0.6 nM for dimeric Eg5 and 260 ± 106 nM for
monomeric Eg5 (mean ± SEM; nMT = 6-51). (E) Tubulin-dependent microtubule elongation rates
at saturating motor concentrations (130 nM Eg5 and 2 µM Eg5M). From slopes of linear fits,
apparent tubulin on-rates were 0.38 ± 0.04 µM-1s-1, 1.22 ± 0.07 µM-1s-1, and 0.93 ± 0.08 µM-1s-1
for control, Eg5, and Eg5M, respectively. From y-intercepts, apparent off-rates were 5.82 ± 0.92 s1
, 0.65 ± 0.39 s-1, and 0.46 ± 1.16 s-1, and from x-intercepts, critical concentrations for tubulin
assembly were calculated as 14 ± 1 µM, 0.5 ± 0.3 µM, and 0.5 ± 1.2 µM for control, Eg5, and
Eg5M, respectively (all mean ± SEM; nMT = 6-40). (F) Effects of Eg5 on microtubule shrinkage
rates following tubulin washout. Dimeric Eg5 was used at 80 nM and monomeric Eg5M was used
at 10 µM under different nucleotide conditions (nMT = 12-42). (G) Tubulin- and microtubulestimulated ATPase of monomeric Eg5. ATPase rates are normalized to maximal for each
substrate. Based on the KM values, the apparent affinity of Eg5M for tubulin (KM1 = 9.9 ± 1.2 mM)
is 20-fold lower than its affinity for microtubules (KM2 = 0.6 ± 0.03 mM), which suggests that
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Eg5 motors favor the straight conformation of tubulin (mean ± SEM; nMT = 5; nTub = 3). (H)
Schematic of affinity-driven polymer assembly. The twenty-fold difference of Eg5 affinity in
Figure 3-3G generates a potential to facilitate tubulin assembly, consistent with the differential
critical concentrations of microtubule growth in the presence and absence of monomeric Eg5 in
Figure 3-3E.
To further explore effects of Eg5 on microtubule dynamics, we grew microtubules at
varying tubulin concentrations in the presence and absence of saturating concentrations of motors
(Figure 3-3E). Growth velocities are traditionally fit to a line, where the slope and y-intercept
correspond to the tubulin on- and off-rate constants, respectively, and the x-intercept is the critical
concentration for elongation. Under control conditions, the critical concentration for growth was
15 µM tubulin, but in the presence of high concentrations of either monomeric or dimeric Eg5,
the critical concentration dropped to <1 µM tubulin, demonstrating that motor binding strongly
drives microtubule growth. The apparent tubulin on-rate constant of 0.38 ± 0.04 µM-1s-1 in the
absence of motors was increased to 1.22 ± 0.07 µM-1s-1 by dimeric Eg5 and to 0.93 ± 0.08 µM-1s-1
by Eg5M. More strikingly, the apparent tubulin off-rate of 5.82 ± 0.92 s-1 in the absence of motors
was decreased ~10-fold to 0.65 ± 0.39 s-1 by Eg5 and to 0.46 ± 1.16 s-1 by Eg5M. Hence, the
nearly 30-fold reduction in the critical concentration for growth is achieved by a moderate
increase in the tubulin on-rate and a large decrease in the tubulin off-rate, consistent with both
monomeric and dimeric Eg5 stabilizing tubulin in the microtubule lattice.
Because microtubule dynamic instability is determined by the competition between
growth and shrinkage, greater net polymer mass can be achieved by either enhancing growth or
inhibiting shrinkage (or both). Thus, after demonstrating that both dimeric and monomeric Eg5
promote microtubule growth, we next assessed whether Eg5 binding to the microtubule lattice
enhances lattice stability. To test lattice stabilization, we carried out microtubule shrinkage assays
by growing microtubules from immobilized seeds, washing out the free tubulin to induce
catastrophe, and measuring the depolymerization rate in the absence and presence of motors
(Figure 3-3F). Under control conditions, the shrinkage rate was 149 ± 7 nm/s, demonstrating that
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GDP-tubulin in the microtubule lattice rapidly dissociates from protofilament ends. In the
presence of saturating concentrations of dimeric or monomeric Eg5 motors and ATP, the
microtubule shrinkage rate slowed nearly 4-fold to 40 ± 2 nm/s and 30 ± 2 nm/s for Eg5 and
Eg5M, respectively. Thus, monomeric Eg5 motor domains bound to the lattice enhance
microtubule stability. We next tested the nucleotide dependence of lattice stabilization by Eg5M.
In ADP, which induces a weak-binding state, the shrinkage rate was 2-fold slower than control
(80 ± 4 nm/s; titration curve in Figure 3-4E). In contrast, AMPPNP, no nucleotide (apo), or the
Eg5 inhibitor BRD9876, all of which induce strongly-bound states of the motor (Chen et al.,
2017), had “taxane-like” effects, generating super-stable microtubules (AMPPNP: 0.5 ± 0.05
nm/s; Apo: 4.7 ± 0.18 nm/s; BRD: 0.2 ± 0.07 nm/s; Figure 3-3F). Hence, Eg5 motor domains
bound to the lattice trap tubulin in the polymer form and reduce tubulin dissociation rates, and the
degree of lattice stabilization scales with the strength of motor binding to the lattice.
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Figure 3-4: Eg5 monomers promote polymer stability. (A-D) Monomeric Eg5 promotes
tubulin nucleation. (A) Averaged turbidity traces of 8 µM free tubulin polymerizing in the
presence and absence of 2 µM Eg5 monomers, revealing that Eg5 promotes nucleation rate with a
higher turbidity plateau (n = 3-5 traces). (B) Turbidity signal at 1 hour across tubulin
concentrations demonstrating that monomeric Eg5 motors reduces critical concentration of
tubulin polymerization. (C) Diagrams of constructs. Monomeric motors were generated by
truncating kinesin coiled-coil domain and fused to a His-tag (Chen and Hancock, 2015). (D)
Representative images and number of microtubules in the presence or absence of monomeric
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Eg5M and KHCM. (E) Titration curve of monomeric Eg5 on dilution-induced microtubule
shrinkage rates. The motor concentrations at half-max stability give a K0.5 of 1.7 ± 0.3 nM in 5
mM ADP and K0.5 = 0.3 ± 0.18 nM in 5 mM ATP.

3.2.4 Eg5 promotes tubulin assembly by preferentially binding to tubulin polymer
For microtubule-depolymerizing kinesins in the kinesin-8 and kinesin-13 families, the
depolymerization mechanism can be explained by a thermodynamic cycle consisting of two
linked equilibria, motor binding and microtubule assembly. In this formalism, the depolymerase
activity can be explained as follows: motors bind more tightly to free tubulin than to the
microtubule lattice and thus motors shift tubulin toward the depolymerized state (ArellanoSantoyo et al., 2017; Desai et al., 1999). By analogy, we propose a complementary mechanism
for the Eg5M polymerase activity – Eg5 motors bind more tightly to microtubule polymer than to
free tubulin, and thereby drive the system toward the polymerized state. In Figure 3-3H, we
present a thermodynamic scheme describing motor binding and microtubule polymerization.
Binding affinities of motor to free tubulin and to the microtubule lattice are described by
equilibrium constants KM1 and KM2, respectively. Microtubule polymerization from free tubulin is
described as an equilibrium constant corresponding to the critical concentration for microtubule
growth. From the x-intercepts in Figure 3-3E, the equilibrium constant under control conditions
is KD1 = 15 µM, and the corresponding value in the presence of motors is KD2 = 0.5 µM. Thus,
Eg5M binding shifts the apparent affinity for tubulin incorporation into the microtubule by 30fold. If these linked equilibria are treated as a thermodynamic cycle, then it follows that:
𝐾!! 𝐾!! = 𝐾!! 𝐾!! .
To quantify KM1 and KM2, the effective equilibrium constants for motor binding to tubulin
and microtubules, respectively, we carried out ATPase assays and used the KM as a proxy for the
microtubule and tubulin affinity. From Eg5M ATPase assays in Figure 3-3G, KM1 = 9.9 ± 1.2 µM
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for the tubulin-stimulated ATPase and KM2 = 0.6 ± 0.03 µM for the microtubule-stimulated
ATPase. Thus, Eg5 motors prefer microtubules over tubulin as a substrate by nearly a factor of
20. Plugging in the values, the products KM1 KD2 (9.9 µM * 0.5 µM) and KD1 KM2 (15 µM * 0.6
µM) agree within a factor of two. To summarize, preferential binding of Eg5 to microtubules over
free tubulin (i.e. KM2<KM1) enhances assembly of tubulin into the polymer state in the presence of
Eg5 (i.e. KD2<KD1). We next set out to understand the structural basis for the Eg5 microtubule
polymerase mechanism.

3.2.5 Eg5-binding causes a structural change in tubulin that promotes polymerization
In the microtubule lattice, tubulin heterodimers adopt a straight conformation stabilized
by both lateral and longitudinal interactions with neighboring subunits, whereas tubulin in
solution adopts a curved conformation incompatible with lateral contacts (Alushin et al., 2014;
Ayaz et al., 2012; Brouhard and Rice, 2014; Rice et al., 2008). Thus, compounds that promote or
stabilize the curved to straight transition generally promote polymerization, whereas compounds
that stabilize the curved conformation inhibit polymerization (Akhmanova and Steinmetz, 2015;
Gigant et al., 2005; Mitra and Sept, 2008; Ravelli et al., 2004; Wang et al., 2016b). An example
of the latter class of compounds are “intra-dimeric wedge inhibitors” such as colchicine
derivatives and nocodazole that bind at the interface between α- and β-tubulin and are thought to
freeze tubulin in the kinked conformation, which traps tubulins in the soluble state (Ravelli et al.,
2004; Wang et al., 2016b).
Because monomeric Eg5 cannot directly crosslink adjacent tubulin-tubulin dimers, an
alternate explanation is that Eg5 works allosterically by stabilizing the straight conformation of
tubulin, which promotes lateral tubulin-tubulin interactions and thereby enhances microtubule
growth. Structurally, the Eg5 binding site on the outer face of tubulin is located at the
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intradimeric junction between α- and β-tubulin, opposite to wedge inhibitor binding sites on the
inner face of tubulin (Figure 3-5A). Based on this structural arrangement and the effects of
different nucleotides on microtubule stabilization (Figure 3-3F), we put forward the following
model. Eg5 binds free tubulin initially in a weakly-bound state, and upon tubulin binding, the
motor releases its nucleotide and enters a strongly-bound state that stabilizes tubulin in a straight
conformation and promotes microtubule assembly (Figure 3-5B). This model predicts that
intradimeric wedge inhibitors like colchicine and nocodazole that stabilize the bent conformation
of tubulin will compete with Eg5 for binding to tubulin and will inhibit tubulin-stimulated
nucleotide release and ATP turnover.
To test whether Eg5 binding induces a structural transition in tubulin, we first measured
the binding affinity of the colchicine derivative demecolcine to tubulin in the presence or absence
of motors (Figure 3-5C). We used demecolcine because it binds tubulin with fast kinetics and it
quenches tubulin intrinsic fluorescence, providing a convenient optical readout of drug binding
(Pyles and Hastie, 1993). Demecolcine binds to free tubulin with a KD of 17 ± 1.3 µM, and in the
presence of the microtubule depolymerizing kinesin-8, KLP67A, the drug binding affinity was
unaffected, consistent with drug and motor having distinct binding sites (Figure 3-5D, 3-6A). In
contrast, in the presence of Eg5M the KD of demecolcine binding rose to 40 ± 1.6 µM, consistent
with binding of Eg5 allosterically inhibiting drug binding (Figure 3-5C and D). Next, we
measured the binding kinetics of colchicine to tubulin (Figure 3-5E). Previous work showed that
the fluorescence signal consists of two phases, corresponding to an initial encounter, followed by
a tubulin conformational change (Lambeir and Engelborghs, 1981). In the absence of Eg5, the
binding time course at 50 µM colchicine was biexponential with a fast phase of 0.169 ± 0.004 s-1
and a slow phase of 0.048 ± 0.001 s-1 having equal amplitudes (Figure 3-5E). In the presence of
Eg5, the amplitude of the fast phase dropped to ~3% of total, and the rate of the slow phase
decreased fivefold to 0.0085 ± 0.0006 s-1. This result supports a model in which Eg5 binding
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straightens tubulin, closes the binding pocket of the wedge inhibitor, and generates a species that
favors microtubule polymerization.
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Figure 3-5:	
   Eg5-binding causes a structural change of tubulin that promotes tubulin
assembly. (A) Structure of Eg5 motor domain bound to free tubulin (PDB: 4AQW) and binding
sites for inter- and intradimer wedge inhibitors. CCC, colchicine (PDB: 4O2B); NCZ,
Nocodazole (PDB: 5CA1); MTS, Maytansinoid DM1 (PDB: 4TV8). (B) Model of coupling
between nucleotide turnover in Eg5 and straightening of tubulin. Motor binding to free tubulin to
triggers ADP release, which causes a weak-to-strong binding transition of the motor that
stabilizes the straight conformation of tubulin; ATP binding and hydrolysis follow. (C)
Demecolcine binding assays based on quenching of tubulin autofluorescence by drug binding.
Data were fit by a binding isotherm, yielding KD of 17 ± 1.3 µM for control and KD of 40 ± 1.6
µM in the presence of 4 µM Eg5M in 1 mM AMPPNP to induce the strong-binding state. (D) KD
for Demecolcine-tubulin binding, including results for the monomeric kinesin-8 KLP67AM across
various nucleotide-states; see Figure 3-6A for details. (E) Kinetics of colchicine binding to
tubulin. 5 µM tubulin was mixed with 50 µM colchicine in the presence or absence of AMPPNPbound motors, and the data fit by a rising biexponential. For control, fast and slow phases had
rates and amplitudes of 0.169 ± 0.004 s-1 and 14 A.U., and 0.048 ± 0.001 s-1 and 19 A.U.,
respectively. In Eg5, fast and slow phases were 0.201 ± 0.022 s-1 and 1 A.U., and 0.0085 ± 0.0006
s-1 and 32 A.U., respectively. (F) Tubulin-induced mantADP release. Eg5 monomers pre-loaded
with mantADP were flushed against tubulin pre-incubated with wedge inhibitors, and the
resulting fluorescence fall due to mantADP release fit to a falling exponential. First-order rate
constants where plotted across varying tubulin concentrations and fit to hyperbola to obtain the
maximal ADP release rate, kmax, and the tubulin concentration for half-maximal release, K0.5.
Control: K0.5 = 21 ± 8 µM, kmax = 1.3 ± 0.2 s-1; Nocodazole: K0.5 = 9 ± 13µM; kmax = 0.12 ± 0.06 s-
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(n = 5-7 for each averaged trace; mean ± SEM). (G and H) Tubulin-stimulated Eg5M ATPase in
the presence or absence of the intra-dimeric wedge inhibitor, nocodazole. Control: kcat of 1.46 ±
0.04 s-1 and KM of 14.9 ± 0.8 mM tubulin; nocodazole: kcat of 0.20 ± 0.03 s-1 and KM of 14 ± 5
mM tubulin; n = 3; mean ± SEM).

3.2.6 Blocking the tubulin curved-to-straight transition slows the Eg5 nucleotide cycle
Because binding of Eg5 to tubulin diminishes the binding of tubulin wedge inhibitors, the
converse should be true – tubulin wedge inhibitors should allosterically inhibit Eg5 binding to
tubulin. Specifically, if Eg5-induced straightening of tubulin is coupled to the motor’s nucleotide
hydrolysis cycle, then wedge inhibitors that stabilize the bent conformation of tubulin should
diminish nucleotide release and ATP turnover by the motor. To measure motor-tubulin binding
kinetics, we first incubated Eg5M in the fluorescent nucleotide mantADP, and then flushed this
species against varying concentrations of drug-bound tubulin plus unlabeled ADP. This
experiment measures the kinetics of transitioning from State 1 to State 3 in Figure 3-5B. As a
control experiment, we first tested the interdimeric wedge inhibitor maytansinoid DM1, which is
thought to bind between tubulin dimers and inhibit polymerization by blocking longitudinal
interactions rather than altering tubulin curvature. Control and maytansine kinetics were similar
as expected (Figure 3-6B). In contrast, in the presence of the intradimeric wedge inhibitor
nocodazole, which is thought to stabilize the curved conformation of tubulin, Eg5 nucleotide
release was reduced more than fivefold (Figure 3-5F). This result is consistent with stabilization
of the straight conformation of tubulin being coupled to nucleotide release by Eg5, which
transitions the motor to the strong-binding state.
The coupling between tubulin straightening and Eg5 nucleotide turnover was also
confirmed by solution ATPase assays. The tubulin-stimulated ATPase of Eg5M was welldescribed by a Michaelis-Menten curve with KM = 14.9 ± 0.8 µM and kcat = 1.5 ± 0.04 s-1 (Figure
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3-5G and H). The intradimeric wedge inhibitor nocodazole reduced the ATP turnover rate by 7fold (KM = 14.0 ± 5 µM, kcat = 0.2 ± 0.03 s-1; Figure 3-5H). The identical x-intercepts (~-1/KM) in
the Lineweaver-Burk plot indicate that nocodazole acts as a non-competitive inhibitor of the
tubulin-stimulated Eg5M ATPase (Figure 3-5H). The data are consistent with the Eg5
chemomechanical cycle being tightly coupled to a conformational change (possibly a curved-tostraight transition) in tubulin that is blocked by nocodazole binding.

A

B
mADP

+ ADP

Figure 3-6:	
   Eg5-modulated tubulin straightening perturbs colchicine-tubulin binding
strength. (A) Entire demecolcine binding isotherms shown in Figure 3-5D. (B) Tubulin-induced
mantADP release in the presence and absence of Maytansine. K0.5. Control: K0.5 = 21 ± 8 µM,
kmax = 1.3 ± 0.2 s-1; Maytansine: K0.5 = 20 ± 3 µM, kmax = 1.1 ± 0.07 s-1.

3.2.7 Loop11 mediates motility, end-binding, and microtubule polymerase activity of Eg5
Cellular studies have shown that replacing the motor domains in an Eg5 tetramer with
kinesin-1 motor domains produces a motor that does not rescue the function of wild-type Eg5
(Cahu and Surrey, 2009); hence there are distinguishing features of the Eg5 motor domain
necessary for its proper physiological activities. In kinesins, Switch II in loop 11 plays a key role
in mechanochemical coupling between the nucleotide binding and microtubule binding sites (Kull
and Endow, 2002). Structurally, in tubulin-bound kinesin, Loop11 is located at the interface of
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alpha and beta tubulin (Figure 3-7A, top panel), placing it in the perfect location for detecting
changes in tubulin curvature (Gigant et al., 2013). Notably, the microtubule depolymerizing
kinesin-8, Kip3, has a strongly positively charged Loop11, and this loop has been shown to
confer end-dwelling and microtubule depolymerase activities for this motor (Arellano-Santoyo et
al., 2017). In contrast, Loop11 in kinesin-1, which lacks these activities, contains less positive
charge. Loop 11 of Eg5 has a net +3 charge relative to kinesin-1, suggesting it has a greater
electrostatic interaction with tubulin (Figure 3-7A, bottom panel). Hence, we tested the
hypothesis that Loop 11 is a distinguishing feature of Eg5 that confers in the motor’s microtubule
polymerase activity.
To test the role of Loop 11, we swapped Loop 11 between the kinesin-1 KHC and Eg5 to
create KHCswap and Eg5swap (Figure 3-7B). Our first observation was that, in contrast to wild-type
KHC, KHCswap accumulated at the plus-end of stabilized microtubules (Figure 3-7C; compare to
Eg5 in Figure 3-1J). We next compared microtubule gliding velocities and found that, whereas
wild-type KHC is 10-fold faster than Eg5, when their Loop 11 sequences were swapped, KHC
was 7-fold slower than Eg5, indicating a profound change in chemomechanical coupling (Figure
3-7D). Previous work suggested that kinesin-1 spends half of its time in a one-head-bound state,
whereas Eg5 spends the bulk of its stepping cycle in a two-heads-bound state (Andreasson et al.,
2015; Chen et al., 2016; Mickolajczyk et al., 2015). Biochemical analysis (Figure 3-9) indicates
that KHCswap spends the bulk of its cycle in a two-heads-bound state, whereas Eg5swap becomes a
one-head-bound motor. Additionally, differences in the Km values from ATPase assay
demonstrates that KHCswap favors straight lattices more than the curved tubulins (Tubulin: KM =
48 ± 24 µM; Microtubule: KM = 1.1 ± 0.2 µM; Figure 3-8), which implicates that KHCswap
construct might have activities in microtubule stabilization (Model in Figure 3-3H). Thus,
Loop11 confers high microtubule affinity and end-dwelling activities.
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Figure 3-7: Loop11 mediates Eg5 end-accumulation and microtubule polymerase activity.
(A) Structure of tubulin-bound Eg5, highlighting the location of Loop11 at the α/β-tubulin
interface (PDB: 4AQW). Comparison of Loop11 sequences, highlighting positions of basic
residues. (B) Diagram of Loop11-swapped mutants, KHCswap and Eg5Swap. (C) Swapping Eg5
Loop11 into KHC is sufficient to confer end-binding activity. Scale bar: 2 µm. (D) Loop 11
strongly affects microtubule gliding speeds, consistent with it regulating the strong-binding state
of the motor. Velocities: KHC, 606 ± 56 nm/s; KHCswap: 21 ± 2 nm/s; Eg5: 72 ± 2 nm/s; Eg5swap:
153 ± 16 nm/s; nMT = 26-37. (E) Number of newly formed microtubule across motor species. 5
µM TMR-labeled microtubules plus 10 vol% DMSO were assembled in the presence or absence
of 130 nM motors. Representative images are shown in Figure 3-8. (F) Microtubule shrinkage
rates following tubulin-washout, showing that Loop11 confers microtubule stabilization activity.
Assays used 80 nM dimeric motors; control and Eg5 groups were taken from Figure 3-3F (nMT =
13-42). (G) Microtubule growth rates showing that Loop11 contributes to growth enhancement
activity of Eg5. Assays used 20 mM tubulin in the presence or absence of 10 nM dimeric motors;
control and Eg5 groups were taken from Figure 3-3D (nMT = 16-27).
We next tested the role of Loop11 on microtubule nucleation, growth and stabilization.
Adding Eg5 to free tubulin led to significantly more nucleated microtubules than KHC, but the
Loop11-swap mutants flipped this relationship (Figure 3-7E). Microtubule shrinkage following
tubulin washout was slowed three-fold by Eg5 and not affected by KHC, whereas the relationship

71
was flipped in the swap mutants (Figure 3-7F). Thus, both the microtubule nucleation and
microtubule stabilization activities of Eg5 were conferred by the Loop11 sequence. Similar
results were found in the microtubule growth assays. KHC slightly enhanced the microtubule
growth rate, and this activity was enhanced in KHCswap, whereas Eg5 had a strong influence on
the microtubule growth rate that was diminished in Eg5swap (Figure 3-7G). In summary, Loop11
in Eg5 is necessary for end-binding, microtubule stabilization, and enhancement of microtubule
growth, and swapping in the Eg5 Loop11 is sufficient to confer these activities on the transport
motor kinesin-1. Further emphasizing the key role of Loop11 in regulating microtubule dynamics,
in the microtubule-depolymerizing kinesin-8 Kip3p, Loop11 confers end-binding activity, but in
that case confers depolymerase activity rather than polymerase activity in the motor.
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KHCswap ATPase

B MT counting

KHC

KHCswap

Eg5

Eg5swap

Control

Figure 3-8: Loop11-mediated microtubule stability. (A) Tubulin- and microtubule-stimulated
ATPase of monomeric KHCswap, normalized to their maximal values. The KM was 48 ± 24 mM on
tubulins and 1.1 ± 0.2 mM on microtubules, suggesting that Eg5 motors favor microtubule
lattices 40-fold over kinked, soluble tubulins (mean ± SEM; nMT = 5; nTub = 3). (B) Representative
images of microtubule number formed under varying motor species.
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3.3 Discussion

3.3.1 A new role for Eg5 in mitotic spindle morphogenesis
A longstanding question in mitosis is how spindle size is regulated across cells of vastly
varying dimensions (Good et al., 2013; McCoy et al., 2015; Wühr et al., 2010). Two factors
thought to be key to spindle size scaling are changes in the dynamic instability of the
microtubules that make up the spindle, and rearrangement of the microtubules by antiparallel
pushing forces generated by tetrameric kinesin-5 motors (Guild et al., 2017; Helmke and Heald,
2014; Laan et al., 2012; Shimamoto et al., 2015). In dividing cells, Eg5 localizes to the midzone
during spindle formation, consistent with its mechanical role of sliding apart anti-parallel
microtubules (Kapitein et al., 2005; Sawin et al., 1992; Uteng et al., 2008). Our finding that Eg5
enhances microtubule nucleation, polymerization and stability imply that the activities of this
motor go beyond a simply mechanical role and suggest that Eg5 polymerase activity at the
midzone may serve to maximize the degree microtubule overlap and drive poleward microtubule
flux in the spindle (Miyamoto et al., 2004).
How do Eg5 motors promote microtubule assembly? Functional assays have shown that
the microtubule detachment rate of Eg5 is relatively insensitive to force (Valentine et al., 2006),
consistent with Eg5 motors primarily residing in a two-heads-bound “stapling” state that can
resist load (Chen et al., 2016, 2017; Falnikar et al., 2011; Shimamoto et al., 2015). This “stapling”
conformation implies a model in which the two heads cross-bridge consecutive tubulin dimers
and thereby promote protofilament stability. Surprisingly, isolated Eg5 head domains, which bind
to a single tubulin, also promote microtubule polymerization, which rules out lattice crossbridging as the primary Eg5 polymerase mechanism. Hence, we considered a model in which Eg5
promotes microtubule polymerization by modulating the curvature of tubulin.
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3.3.2 Eg5 induces a curved-to-straight transition in tubulin that promotes polymerization
Because stability of the microtubule lattice result from the thermodynamics of the
tubulin-tubulin contacts in the lattice (Gardner et al., 2011b; Margolin et al., 2012; VanBuren et
al., 2002; Voter and Erickson, 1984), driving tubulin toward the straight conformation promotes
microtubule assembly, whereas stabilizing the kinked conformation promotes disassembly. For
instance, tubulin wedge inhibitors that stabilize the kinked conformation of tubulin, including
colchicine, nocodazole, and vinblastine, disfavor lateral bond formation and thus decrease
microtubule stability (Gigant et al., 2005; Ravelli et al., 2004; Wang et al., 2016b). Conversely,
our finding that binding of Eg5 to tubulin reduces the binding affinity of tubulin wedge inhibitors
suggests that motor binding induces a straightening of tubulin upon motor binding (Figure 3-5C
to D).

Figure 3-9: Loop11 regulates kinesin mechanical state transitioning. (A) Three-state mode
includes motor one-head-bound and two-heads-bound transitions (Andreasson et al., 2015). The
ATP-induced half-site release assays, in which mantADP-incubated one-head-bound motors were
flushed against 2 mM ATP to release the tethered-head fluorescence signal, contain the transition
time from the one-head-bound state to the two-heads-bound state (Chen et al., 2015; Hackney,
1994a). The gliding velocity represents the motor stepping rate, and the inverse is the duration
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required for the motor to complete an entire stepping cycle. The difference between the time for
half-site ADP release and the entire cycle time represents the reaction time of rear-head
detachment. (B and C) Microtubule gliding assays of Loop11-swapped mutants (21 ± 2 nm/s for
KHCswap and 155 ± 15 nm/s for Eg5swap; n= 26-37, mean ± SD). The stepping times of KHCswap
and Eg5swap were 381 ± 36 msec and 52 ± 5 msec, respectively. (D and E) ATP-induced half-site
release assays of dimeric motors. The averaged traces were fit to a biexponential, where the rate
of the fast phase corresponds to the first-passage time of the tethered-head touchdown (Chen et
al., 2015). The ATP-induced motor binding rates of 140 ± 6 s-1 for KHC and 123 ± 11 s-1 for
KHCswap represent the tethered-head binding times of 7 ± 0.3 msec for KHC and 8 ± 0.7 msec for
KHCswap, respectively. For the kinesin-5 motors, the rates of 24 ± 1 s-1 for Eg5 and 26 ± 3 s-1 for
Eg5swap, represents reaction times of 42 ± 2 msec for Eg5 and 38 ± 4 msec for Eg5swap, which
indicates an unaltered transition time from the one-head-bound state to the two-heads-bound
state. N = 5-7 for each determination. (F and G) The dominant state of Loop11-mutants. As listed
in Figure 3-9A, KHCswap motors spend ~98% in the two-heads-bound “staple” state, whereas
Eg5swap motors populate 73% in the one-head-bound state.
In theory, Eg5 could induce a curved-to-straight transition of tubulin either by an
induced-fit mechanism or by a conformational selection mechanism (Hammes et al., 2009). An
induced-fit model suggests that Eg5 binding drives a curved-to-straight transition in tubulin,
whereas a conformational selection model suggests that thermal fluctuations are sufficient to
straighten tubulin and Eg5 motors selectively bind to and stabilize the straight conformation.
Because structural studies suggest that tubulin wedge inhibitors only impact the bending
flexibility but not the curvature (Ayaz et al., 2012; Gigant et al., 2005; Ravelli et al., 2004; Wang
et al., 2016b), they can be used to distinguish between these alternate models, as follows. In
Figure 3-5F, we used stopped-flow to measure the kinetics of Eg5-tubulin binding in the
presence and absence of nocodazole, and found that Eg5 actually had a higher apparent affinity
for nocodazole-bound tubulin than control tubulin. In a conformational selection model,
decreasing tubulin flexibility would be predicted to reduce the probability of tubulin being in a
straight conformation, and hence would predict a lower apparent motor binding affinity in the
presence of drug. The higher apparent affinity is consistent with an induced fit model, and the
finding that Eg5 nucleotide release is slower for nocodazole-bound tubulin suggests that Eg5
nucleotide release is coupled to the tubulin curved-to-straight transition induced by motor
binding. Because the curved conformation tubulin is incompatible with the lateral tubulin-tubulin
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contacts found in the microtubule lattice, this straightening transition promotes microtubule
assembly by promoting lateral tubulin-tubulin interactions.
A model in which Eg5 binding induces a tubulin curved-to-straight transition is further
substantiated by the long and flexible plus-end extensions seen on microtubules growing in the
presence of Eg5 (Figure 3-1A). From EM studies, single protofilaments have diameters in the
range of ~50 nm (Mandelkow et al., 1991; McIntosh et al., 2018; Moores and Milligan, 2008).
The fact that plus-end curls observed here have diameters in the range of ~1 µm suggests that the
tapers are actually bundles of protofilaments. Recent high-resolution structural studies indicate
that splayed single protofilaments with “ram’s horn” geometries are present at the plus-end of
both assembling and disassembling microtubules, suggesting a two-step mechanism in which a
tubulin subunits are added to the tip via longitudinal bonds, followed by a straightening step that
results in lateral bond formation (Margolin et al., 2012; McIntosh et al., 2018; Zakharov et al.,
2015). In this scenario, Eg5 motors localized at the growing plus-end would bind to incoming
tubulin and drive a curved-to-straight transition that would then accelerate lateral bond formation
to generate protofilament bundles, and these bundles eventually anneal to form the intact
microtubule lattice.

3.3.3 Eg5 polymerase activity relies on a wedge-sensing structural element
Kinesin chemomechanical coupling relies on the concerted movement of the Switch-I
and the Switch-II domains that surround the nucleotide binding pocket. Upon ATP hydrolysis,
closure of the Switch-I displaces Switch-II and results in a weak-binding motor (Nitta et al.,
2008). Kinesin-1 motors have an efficient Switch-coupling system that defines its fast speed,
whereas the Eg5 mechanical coupling exhibits a time lag and generates a slow motor (Muretta et
al., 2015). Because Switch-II dictates the kinesin strong binding state, it is reasonable to predict
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that family-specific sequences in Switch-II might define microtubule polymerase activity of
kinesin.
In structures of kinesin bound to tubulin, Loop11, which lies just proximal to Switch-II,
is located at the interface of the alpha and beta subunits of tubulin, which is the fulcrum around
which tubulin bending occurs (Gigant et al., 2013). Sequence comparison on Loop11 among
kinesin superfamily members showed that kinesin-5s contain a strongly basic Loop11, whereas
kinesin-1 transport motors do not. We find that Loop11 as the key family-specific sequence that
confers the Eg5 polymerase activity, which provides a complement to the microtubule
depolymerizing kinesin-8, Kip3, where the family-specific Loop11 was required for the motor’s
microtubule depolymerase activity (Arellano-Santoyo et al., 2017). Thus, Loop11 appears to be a
key family-specific element that controls polymerase/depolymerase activity of kinesins.
Interestingly, Loop11 sequences in both kinesin-5 and kinesin-8 are considerably more basic than
in kinesin-1, which suggests that tight electrostatic interactions between Loop11 and tubulin are
essential for altering tubulin dynamics, but also that other subtle sequence differences define
whether this tight binding results in stabilization or destabilization of the microtubule lattice.

3.3.4 Multi-modal regulatory mechanisms of tubulin assembly
Despite the complexity of the system, linking the coupled equilibria of motor binding and
tubulin assembly provides a general mechanism to describe both polymerizing and
depolymerizing motors. We found that Eg5 motor domain preferentially binds to microtubules
over tubulin by a factor of twenty, and that there is a 15-fold enhancement of tubulin assembly in
the presence of Eg5. In contrast, the microtubule depolymerizing kinesin-8 was found to bind
preferentially to free tubulin (Arellano-Santoyo et al., 2017; Benoit et al., 2018). Similarly,
depolymerizing kinesin-13 motors preferentially bind to tubulin curls over straight tubulin in the

77
lattice (Friel and Howard, 2011; Mulder et al., 2009). This thermodynamic model provides a
general explanation for how other microtubule binding proteins may alter microtubule
polymerization dynamics. For example, tau proteins preferentially bind to microtubules over free
tubulin and have been shown to promote tubulin assembly (Drechsel et al., 1992), and perturbing
their affinity mismatch between tubulin and microtubules using mutagenesis or phosphorylation
alter their microtubule stabilization properties (Elbaum-Garfinkle et al., 2014; Gong et al., 2000;
Lindwall and Cole, 1984). This model may help to explain how post-translational modifications
of either motors or tubulin alter microtubule dynamics in cells. For instance, kinesin-5s have
multiple phosphorylation sites that mediate their motile properties on microtubules (AvunieMasala et al., 2011; Bickel et al., 2017; Blangy et al., 1995; Giet et al., 1999; Koffa et al., 2006),
and it is possible that they also alter the motors’ polymerase activity. Tubulin acetylation alters
activities of transport kinesins (Hammond et al., 2010; Reed et al., 2006; Sirajuddin et al., 2014),
and tubulin detyrosination enhances CENP-E motility and affects cell division (Akera et al.,
2017; Barisic et al., 2015). It is possible that these cellular effects result from changes in the
motors’ ability to stabilize microtubules. The effects of tubulin post-translational modifications
on Eg5 polymerase activity remains unexplored, but our thermodynamic model predicts that any
modifications in cells that alter the relative balance of tubulin- and microtubule affinity of the
motor will alter the motor’s effects on microtubule polymerization.
In cells, cooperativity and redundancy are expected to diversify Eg5 modes of action. For
instance, other molecular motors work cooperatively with Eg5 to redistribute Eg5 in cells (Ferenz
et al., 2009; Mitchison et al., 2005; Mountain et al., 1999; Sturgill et al., 2016; vanHeesbeen et
al., 2014). On a spindle arrays, microtubule crosslinkers can alter spindle geometry (Lansky et al.,
2015), and the resulting changes in microtubule overlaps might alter the ability of Eg5 to regulate
microtubule dynamics. As Eg5 is both a microtubule stabilizer and crosslinker, Eg5 redistribution
should directly impact spindle size and geometry. Mapping interactions between these regulators
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and Eg5 will help to better understand control of spindle organization during cell division and
spindle size-scaling across different cell types.
In summary, our results support a model in which Eg5 binding to a free tubulin dimer or
to a curved protofilament induces a curved-to-straight transition that promotes lateral assembly of
protofilaments into a stable microtubule lattice. The effect of Eg5 on tubulin curvature relies on
the Switch-II/Loop11 domains of Eg5 that are localized at the fulcrum between alpha and beta
tubulin, a mechanism that is similar but complementary to the microtubule depolymerase
mechanism of kinesin-8 motors. The effect of Eg5 on microtubule stability is reminiscent to the
effects of taxane on microtubule stability, opening a possible strategy for anticancer therapeutics
that alters microtubule stability through effects on the Eg5 motor.

3.4 Experimental Procedures
Protein constructs, sequence design, and purification.
The unlabeled Drosophila kinesin-1 dimer (KHC) was truncated to sequence 1-406 and
fused to a hexaHis tag at the C-terminal. For GFP-labeled kinesin-1, the KHC (residues 1-560)
was linked to an eGFP-reporter and a hexaHis tag (KHC-GFP). The monomeric kinesin-1
construct (KHCM) contains of the head and neck linker domain (length 2-344) plus a preceding
N-terminal labeled hexaHis tag after the start codon. The Xenopus kinesin-5 Eg5 dimers were
generated by the motor domain-swap (residue 1-368) from dimeric kinesin-1 motors, denoted
Eg5 and Eg5-GFP, respectively (Chen et al., 2016). The coiled-coiled domain of a dimeric Eg5
motor was completely removed to make the monomeric Eg5 construct (Eg5M). For Loop11
identification, sequences were compared across kinesin-1s, kinesin-5s, and kinesin-8s on Clustal
Omega server (EMBL). To carry out Loop11-swapping, the primers with sequence of interest
were synthesized (IDT) and introduced using the Q5 mutagenesis procedure (NEB). The
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Drosophila kinesin-8 monomer consists of intact head and neck linker (KLP67AM). After PCR
amplification, the linear DNAs were annealed using T4 ligase (NEB), followed by transformation
into DH5α competent cells (NEB). All plasmids contain an ampicillin selection marker for
antibiotic screening. Plasmids were transformed into E. coli BL21(DE3) strain for expression. All
constructs were verified by sequencing (Penn State dnaTools).
2-liter protein expression of BL21(DE3) strains were induced by adding 1 mM IPTG at
18 oC overnight. The collected pastes were resuspended into 25A200 buffer (25 mM K-ACES,
pH 6.9, 2 mM Mg-Acetate, 2 mM K-EGTA, 0.1 mM K2-EDTA, 1 mM β-mercaptoethanol, 200
mM KCl, plus additional 10 µM ATP) and lysed by sonication. After Ni-column extraction,
motors were exchanged into 0.5 µM mantADP with BRB80 buffer (80 mM PIPES, 1 mM EGTA,
1 mM MgCl2, pH 6.8) using GE HiTrap Desalting column, followed by adding 10 vol% sucrose
as cryo-protect for flash-freeze in liquid N2 before -80 oC storage. Detailed procedures for active
motor quantifications and yield optimization were described previously (Chen et al., 2015). All
experiments were performed in BRB80 buffer at 23-24 °C for rate comparison.
PC-grade bovine brain tubulin was purified by three cycles of assembly and disassembly.
Tubulins were additionally polymerized before labeling Cy5, TMR, and biotin. The labeled
products were mixed with the unlabeled tubulins to generate aliquots including 5% Cy5-tubulins,
25% TMR-tubulins, and 5% biotinylated tubulins. GTP and Pi molecules were removed by three
additional assembly and disassembly rounds followed by buffer exchange into BRB80 plus 10
µM GDP. Total concentrations of tubulin were calculated with an extinction coefficient ε280 =
115,000 M-1cm-1.

Microtubule gliding assays.
GTP-microtubules were assembled with 40 µM TMR-labeled tubulins plus 8 vol%
DMSO and 2 mM Mg-GTP, and the polymerized solutions were mixed with 10 µM taxol to
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obtain taxol-stabilized microtubules. Motor gliding velocities of surface-adsorbed kinesin motors
were imaged by TMR-labeled taxol-stabilized microtubules and quantified by MtrackJ plugin of
ImageJ, as previously described (Chen et al., 2017). Unless otherwise indicated, the assays were
carried out in imaging solution of BRB80 plus oxygen scavenger systems and 0.2 mg/mL casein.

Microtubule counting.
TMR-labeled tubulins were incubated with 10 vol% DMSO plus 2 mM Mg-GTP in the
presence or absence of kinesin motors plus 5 mM ATP at 37°C for 10 minutes to generate tubulin
seeds. The nucleated products were diluted 10-fold in imaging solution plus 10 µM taxol at 23°C
for 1 hour to elongate pre-formed seeds and minimize the de novo seed formation. The resulting
solutions were diluted into imaging buffer plus 5 mM ATP and bound to the surface coated with
100 nM kinesin-1 rigor mutants for 20 minutes. The surface-bound microtubules with length >1
µm were scored.

Microtubule dynamics and shrinkage assays.
To form GMPCPP-seeds, 2 µM tubulin total (0.1 µM Cy5-labeled tubulins + 0.1 µM
biotinylated tubulins + 1.8 µM unlabeled tubulins) were mixed with 0.2 mM Mg-GMPCPP at
37°C for 5 hours. One spin-and-resuspension cycle were carried out before use to remove free
tubulin. The seeds typically last 3 hours before completely degradation.
Coverslips were rinsed by 70% ethanol three times, followed by acid cleaning using 6 M
HCl overnight. The acid-cleaned coverslips were rinsed by ddH2O, subjected to plasma cleaning
for 2 minutes, incubated in vacuum-based dessicator with silane-vapor (Abcam) for at least 2
hours, and finally fixed by two pieces of double-sided tape to generate salinized flow chambers.
To immobilize Cy5-labeled seeds, 500 nM neutravidin, 5 wt% F108, and 2 mg/mL casein were
flowed in sequentially with an interval of 5 minutes.
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Polymerizations were initiated by the input of TMR-labeled tubulins plus 5 mM MgATP, 2 mM Mg-GTP, in the presence or absence of kinesin motors. For microtubule dynamics
assays, the entire polymerization process was visualized under Nikon TE-2000 TIRF microscope,
as previously described (Chen and Hancock, 2015). Microtubule growth velocities were
measured by the linear fit of kymographs using ImageJ software, where the fast growing ends
were defined as the plus-ends.
For microtubule shrinkage assays, polymerizations were carried out on a 37°C heat plate
for 20 minutes, followed by rapidly equilibrating with room temperature at 23 °C, and flowing
through the tubulin-absent solution to induce catastrophe. Motor concentrations in polymerization
and shrinkage stages are consistent such that the motor-microtubule interaction remains in the
steady-state. The entire process was carried out on stage using epi-fluorescence microscope, as
previously described (Uppalapati et al., 2009). The shrinkage velocities were quantified using the
ImageJ plugin, MtrackJ.

Kinesin tip-dwelling assays.
Both Cy5-labeled GMPCPP-stabilized microtubules and Cy5-labeled taxol-stabilized
microtubules were tested for motor tip-dwelling. To reach the steady-state end-bulbs, the GFPlabeled kinesin motors were incubated in the flow chamber for 10-15 minutes before image
acquisition.

Turbidity assays.
Polymer formation was induced by mixing unlabeled tubulins plus 10 vol% DMSO, 2
mM Mg-GTP, 5 mM ATP, in the presence or absence of motors. Turbidity signals were recorded
at 340 nm on a Multi-Mode Micro Plate Reader (Molecular Device Flexstation 3). The resulting
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traces reveal a two-step sigmoidal curve, corresponding to the initial nucleation phase and the
following extension phase.

Steady State ATPase Assays.
Tubulin-stimulated ATPase rates were measured using the EnzChek phosphatase assay
kit (Molecular probes, ThermoFisher Scientific). In solutions, 0.5 mM GDP and 3 mM ATP were
used to avoid ATP-triggered tubulin polymerization. Microtubule-induced ATPase rates were
carried out by enzyme-coupled assays with 5-20 nM active motors using a Multi-Mode Micro
Plate Reader (Molecular Devices Flexstation 3), as previously described (Chen et al., 2017). Data
are presented as mean ± s.e.m. for N = 3 determinations for each point, and fit a MichaelisMenten equation to obtain the maximal rate kcat and the half-max concentration KM.
Demecolcine-binding affinity and colchicine-binding kinetics. 2 µM tubulins were first
incubated with 3.5 µM kinesin motors plus nucleotides for 30 minutes, and then this tubulinkinesin complex were mixed by varying concentrations of the colchicine analog, demecolcine, for
the next 1 hour. Upon demecolcine binding, the quenching of tubulin intrinsic fluorescence at Ex
280 nm/ Em 346 nm provides a simple method to quantify binding fraction of demecolcine on
tubulins. For colchicine-binding kinetics, 5 µM tubulin was first incubated with AMPPNP-bound
Eg5 monomers for 30 minutes, followed by adding 50 µM colchicine and record the tubulininduced colchicine fluorescent signal (Ex 366 nm/ Em 435 nm). Traces were fit to a
biexponential.

Stopped Flow experiments.
Stopped-flow assays were performed on an Applied Physics SX20 spectrofluorometer, as
previously described (Chen, Arginteanu et al. 2015). Free tubulin was first incubated with 1.2x
wedge inhibitors for 1 hour, and were then flushed against 0.2 µM mantADP-bound Eg5
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monomers. Upon tubulin binding, Eg5 motors release mantADP and result in a signal drop. The
traces were fit to a mono-exponential to obtain the observed rate constants. Across varying
tubulin concentrations, the observed rate constants follow the function,
k !"# =

[!"#"$%&]
[!"#"$%&]!!!.!

k !"" .

where k !"" and K !.! denotes the ADP off-rate and the apparent MT affinity, respectively.

Structural superposition.
Structures of Eg5-tubulin complex (PDB: 4AQW) and inhibitor-bound tubulins were
aligned on the basis of α-tubulins (colchicine, PDB: 4O2B; nocodazole, PDB: 5CA1;
Maytansinoid DM1, PDB: 4TV8) and visualized by UCSF Chimera.

Quantification and statistical analysis.
Data were fit in OriginPro 9.1 software. Unless otherwise indicated, data are presented as
mean ± s.e.m.

Chapter 4

Diverse Eg5 Inhibitors Cause Contrasting Effects on Microtubule Stability
and Mitotic Spindle Integrity
This research was originally published in ACS Chemical Biology, Chen, G.-Y., Kang,
Y.J., Gayek, A.S., Youyen, W., Tüzel, E., Ohi, R., and Hancock, W.O., Eg5 Inhibitors Have
Contrasting Effects on Microtubule Stability and Metaphase Spindle Integrity. ACS Chem. Biol.
2017; 12:1038–1046. ©The American Chemical Society.
To uncover their contrasting mechanisms, antimitotic drugs that inhibit Eg5 (kinesin-5)
were analyzed in mixed-motor gliding assays of kinesin-1 and Eg5 motors in which Eg5
“braking” dominates motility. Loop-5 inhibitors (monastrol, STLC, ispinesib and filanesib)
increased gliding speeds, consistent with inducing a weak-binding state in Eg5, whereas
BRD9876 slowed gliding, consistent with locking Eg5 in a rigor state. Biochemical and singlemolecule assays demonstrated that BRD9876 acts as an ATP- and ADP-competitive inhibitor
with 4 nM KI. Consistent with its microtubule polymerase activity, Eg5 was shown to stabilize
microtubules against depolymerization. This stabilization activity was eliminated in monastrol,
but was enhanced by BRD9876. Finally, in metaphase-arrested RPE-1 cells, STLC promoted
spindle collapse, whereas BRD9876 did not. Thus, different Eg5 inhibitors impact spindle
assembly and architecture through contrasting mechanisms, and rigor inhibitors may
paradoxically have the capacity to stabilize microtubule arrays in cells.
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4.1 Introduction to Eg5 and its inhibitors
Homotetrameric kinesin-5 Eg5/KSP motors are best known for their capacity to slide
antiparallel microtubules apart during spindle formation (Kapitein et al., 2005; Sawin et al., 1992)
and neurogenesis (Falnikar et al., 2011; Nadar et al., 2008). By acting as the dominant MT sliding
factor during cell division, Eg5 limits the maximum speed of microtubule (MT) sliding during
both spindle assembly (Saunders et al., 2007) and midzone elongation (Collins et al., 2014; Hu et
al., 2011). On parallel MTs, kinesin-5 motors act as passive crosslinkers, a non-motile function
that has been suggested to stabilize spindle architecture through bundling of MTs near the spindle
pole (Uteng et al., 2008). In addition to these mechanical functions, we recently showed that Eg5
pauses at MT plus-ends, where the motor increases the growth rate and reduces the catastrophe
frequency of dynamic MTs, likely due to stabilizing of incoming tubulin dimers at the plus-end
(Chen and Hancock, 2015). This MT-polymerase activity is hypothesized to enhance the in vivo
function of Eg5 by increasing the degree of astral and midzone MT overlap and by contributing to
metaphase MT flux (Miyamoto et al., 2004).
Eg5 has several mechanistic features that distinguish it from kinesin-1 (KHC or
conventional kinesin), and may help to explain its diverse physiological functions. Engineered
Eg5 dimers have a large stall force, and display minimal processivity (Valentine et al., 2006),
consistent with Eg5 working in teams during spindle formation (Kapitein et al., 2005; Shimamoto
et al., 2015). Additionally, Eg5 walks with a 10-fold slower velocity than kinesin-1 (Chen et al.,
2016; Mickolajczyk et al., 2015; Valentine et al., 2006), and it is able to resist large mechanical
loads (~10 pN) in either the plus- or minus-end directions (Arpağ et al., 2014; Muretta et al.,
2015; Valentine and Block, 2009), which contrasts with the directional dependence of kinesin-1
(Andreasson et al., 2015). These properties likely result, at least in part, from the motor spending
most of its ATP hydrolysis cycle in a state in which both heads are bound to the microtubule
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(two-head-bound state), a property not shared by kinesin-1 (Chen et al., 2016; Valentine et al.,
2006).
Due to its crucial functions in mitosis, Eg5 is a major target for anti-proliferative
chemotherapeutic agents (Rath and Kozielski, 2012). Several inhibitors have been identified that
bind at or near loop L5, stabilize the bound nucleotide and trap the motor in a weak-binding state
(Crevel et al., 2004a; DeBonis et al., 2004; Kaan et al., 2013; Larson et al., 2010; Skoufias et al.,
2006). These ATP-uncompetitive inhibitors include pyrimidine derivatives (monastrol (Kapoor et
al., 2000; Mayer et al., 1999)), quinazolinone (ispinesib (Luo et al., 2008)), thiadiazoles (filanesib
(Woessner et al., 2009), litronesib (Wakui et al., 2014), K858 (Nakai et al., 2009)), and S-trityl-Lcysteine (STLC) (DeBonis et al., 2004). Several compounds that that generate rigor-like states in
Eg5 have also been documented. The thiazole FCPT (Groen et al., 2008; Rickert et al., 2008) is
thought to act as an ATP competitive inhibitor by binding directly to the nucleotide binding site.
In contrast, mutagenesis and structural analysis revealed that biaryl compounds GSK-1 (Luo et
al., 2007), PVZB1194 (Parrish et al., 2007; Yokoyama et al., 2015) act as ATP-competitive
inhibitors but bind near the α4-α6 interface (Chattopadhyay et al., 2015; Luo et al., 2007;
Yokoyama et al., 2015); thus they behave as allosteric competitive inhibitors of ATP binding. A
related compound, BRD9876, was recently identified as an Eg5 inhibitor that binds to the α4-α6
interface, but was reported to be ATP non-competitive, and to preferentially bind to MT-bound
Eg5 (Chattopadhyay et al., 2015). Because of their different modes of action, these inhibitors may
have different effects on the ability of Eg5 to stabilize MTs against depolymerization. The
polymerase activity was only recently reported (Chen and Hancock, 2015), and inhibitors may
provide chemical probes for understanding the Eg5 polymerase mechanism and modulating its
activity in cells.
We began from a mechanically-based drug-screening method to classify inhibitors by
their effects on the “braking” ability of Eg5 in mixed-motor microtubule gliding assays. “L5

87
inhibitors” including monastrol, ispinesib, STLC and filanesib (ARRY-520) reduced Eg5’s
braking ability, whereas the “rigor inhibitor” BRD9876 enhanced the braking ability of Eg5.
Detailed investigations revealed that different classes of compounds have distinct effects on MT
stability and spindle integrity: L5 inhibitors abolish the ability of Eg5 to stabilize MTs against
depolymerization and cause metaphase spindle collapse, whereas the rigor inhibitor BRD9876
stabilizes MTs against depolymerization in vitro and stabilizes metaphase spindles against
collapse. This work extends our understanding of how Eg5 motors modulate MT dynamics and
delineate contrasting strategies for achieving mitotic arrest by targeting Eg5.
Table 4-1: List of inhibitors and the corresponding mechanical parameters and classes.
Ligand
Control
Monastrol
Ispinesib
STLC
Filanesib
(ARRY-520)
BRD9876

Mechanical
responsea
Weak-binding
Weak-binding
Weak-binding
Weak-binding

Unloaded MT offrate, (koff0, s-1)
0.35
0.92
1.50
1.45
1.74

Detachment
Force (Fc, pN)
17
27
18
0.6
2.4

Class

Strong-binding

0.01

14

Rigor

Less potent L5
Less potent L5
Potent L5
Potent L5

4.2 Results

4.2.1 Loop-5 inhibitors reduce and rigor inhibitors enhance the “braking” ability of Eg5
Mixed motor gliding assays provide a mean to assess the mechanical performance of
motors, and hence provide a potential platform for screening small-molecule compounds that
mechanically modulate Eg5 (Figure 4-1a and b) (Arpağ et al., 2014; Crevel et al., 2004a; Tao et
al., 2006). As seen in Figure 4-1c, uniform populations of KHC moved MT at ~700 nm/s
(Andreasson et al., 2015), uniform populations of Eg5 moved MT at ~70 nm/s (Chen et al.,
2016), and a minor fraction of Eg5 (22%) was sufficient to slow velocity to the Eg5 speed,
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consistent with this motor’s documented “braking” ability (Arpağ et al., 2014; Crevel et al.,
2004a; Myers and Baas, 2007; Shimamoto et al., 2015). In 100 µM STLC, the MT gliding
activity of Eg5 was abolished at high fractions of Eg5, consistent with full motor inhibition. At
intermediate Eg5 densities, gliding velocities in STLC significantly increased, demonstrating that
STLC strongly diminishes the braking ability of Eg5 (Figure 4-1c). To test whether different
Loop-5 inhibitors generated equivalent mechanical states of Eg5, experiments were repeated with
monastrol, ispinesib and filanesib (ARRY-520) (Figure 4-1d). The results were qualitatively
similar, but analysis of the velocity at 22% Eg5 indicates that the degree of mechanical inhibition
varied, following the sequence STLC = filanesib > ispinesib = monastrol (Figure 4-1d).

b

a
Microtubule
Kinesin-5 (Eg5)
Kinesin-1 (KHC)
Anti-His Ab

c

BRD 9876 (1)

d
(+)-S-Trityl-L-cysteine (2)
22% Eg5
78% KHC

Filanesib (3)

Ispinesib (4)
Monastrol (5)

Figure 4-1: Mixed-motor gliding assays reveal mechanical performance of Eg5. (a) Diagram
of mixed-motor gliding assays. Varying ratios of KHC and Eg5 motors were bound to a coverslip
surface, maintaining a constant total motor density. (b) Structures of the Eg5 inhibitors used in
this study. Inhibitors were present at 100 µM, which is at least an order of magnitude greater than
the reported IC50 values (Chattopadhyay et al., 2015; Kapoor et al., 2000; Luo et al., 2008;
Skoufias et al., 2006; Woessner et al., 2009). (c) Gliding velocity versus fraction of Eg5 on the
surface. In the control group (black, mean ± s.d.), 22% surface coverage of Eg5 was sufficient to
reduce the gliding velocity to the Eg5 speed. In the presence of 100 µM STLC (blue, mean ±
s.d.), velocities at low Eg5 fractions were elevated. In contrast, BRD9876 (red, mean ± s.d.)
resulted in slowed gliding, even at low Eg5 levels. (d) To compare different modes of inhibition,
gliding velocities at 22% Eg5 were plotted for all drugs tested (see Figure 4-3 for full dataset).
Based on their effects on Eg5 mechanical performance, these inhibitors were classified as either
L5 inhibitors or Rigor inhibitors (Table 4-1).
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The recently reported naphthalene compound BRD9876 (Chattopadhyay et al., 2015)
behaved differently from the Loop-5 inhibitors. In 100 µM BRD9876, the MT gliding velocity
was reduced from control at all mol fractions of Eg5 (Figure 4-1c and d). The steep fall in
velocity with small proportions of Eg5 indicates that BRD9876 enhances the “braking” ability of
Eg5, consistent with BRD9876-inhibited motors being in a strong-binding state. Based on this
contrasting mechanical response, BRD9876 was classified as a “rigor” Eg5 inhibitor, similar to
other reported rigor inhibitors (Groen et al., 2008; Luo et al., 2007; Parrish et al., 2007; Rickert et
al., 2008; Yokoyama et al., 2015).

a

Control

koff0 = 0.35 s-1

b

STLC

c

koff0 = 1.45 s-1

d

Ispinesib

koff0 = 1.50 s-1

Filanesib

koff0 = 1.74 s-1

e

Monastrol

koff0 = 0.92 s-1

Figure 4-2: L5 inhibitors generate a weak-binding Eg5 species. Binding durations of GFPlabeled motors in 5 mM ATP were measured by single-molecule TIRF as previously described
(Chen et al., 2016), and distributions fit by an exponential. Distributions are shown for (a)
control, and 100 µM concentrations of (b) STLC, (c) filanesib, (d) ispinesib, and (e) monastrol.
The reciprocals of these dwell time measurements give the off-rates, koff0, which are shown in
Table 4-1 and used for modeling the force-dependent off-rates (Figure 4-3).
To better understand the different modes of inhibition, we analyzed gliding velocities
using a recently developed model that recapitulates mixed-motor gliding based on the velocities
and force-dependent off-rates of the relevant motors (Arpağ et al., 2014). The kinesin-1
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mechanical parameters and the unloaded velocities of both motors are experimentally constrained
(Andreasson et al., 2015), leaving the force-dependent detachment rate of Eg5, koff(F) = koff0 eF/Fc
the only unknown. The unloaded detachment rate, koff0, was measured by single-molecule TIRF
microscopy (Figure 4-2), and the critical detachment force, Fc, was determined by iterative fitting
of the model to the experiments (Figure 4-3). Interestingly, while all of the L5 inhibitors
increased the unloaded off-rate, they can be separated into two groups: a) the less-potent
monastrol and ispinesib, which have larger Fc than the control, meaning that the resistance of Eg5
detachment to load is maintained, and b) the more potent STLC and filanesib, which have much
smaller Fc than the control, meaning that motor detachment is strongly dependent on load. This
functional assay revealed differences in the potency of different L5 inhibitors that from
crystallography studies have been shown to have only minimal structural differences (Rath and
Kozielski, 2012). Finally, BRD9876 had a very slow unloaded off-rate and a similar Fc as the
control, consistent with the motor being in a strong-binding state that resists detachment by load.
Thus, the velocities in Figure 4-1d can be quantitatively explained by specific effects of different
inhibitors on koff0 and Fc. The results are summarized in Table 4-1.

a

c

e

Control

STLC

Ispinesib

b

d

f

BRD9876

Filanesib

Monastrol
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Figure 4-3: Mechanical assays reveal different mechanisms of Eg5 inhibitors. Mixed-motor
gliding results are shown for all inhibitors tested (circles with dashed lines; data for control,
STLC and BRD9876 reproduced from Figure 4-1c). Simulations of mixed motor gliding were
carried out as previously described (Arpağ et al., 2014), and simulation results plotted as solid
lines. For simulations, koff0 values were taken from Figure 4-2, and Fc values were fit by
minimizing the mean squared difference between the model and the experimental data. Parameter
values are shown in Table 4-1. The simulations were carried out by W. Youyen.

4.2.2 Drugs produce contrasting effects on the diffusion of Eg5 along microtubules
To further investigate the different modes of Eg5 inhibition, single-molecule tracking
measurements of Qdot655-labeled Eg5 were carried out in 5 mM ATP (Figure 4-4a) or 5 mM
ADP (Figure 4-4b). Traces where motors dwelled for more than 1 second (20 frames) were
collected, and a 1D Gaussian function was fit to each row of the kymograph to obtain the center
positions. To analyze the mean-square displacement (MSD), either a quadratic form (MSD(Δt) =
v2Δt2 + 2DΔt + σ2) or a linear form (MSD(Δt) = 2DΔt + σ2) was assigned based on the presence
or the absence of stepping. In saturating ATP, the motor had a velocity of 66 ± 26 nm/s and a
negligible diffusion coefficient of 594 ± 167 nm2/s, consistent with our previous findings that Eg5
dimers step processively in ATP (Chen et al., 2016). In contrast, in saturating ADP the motor
diffused along the microtubule with D = 3,845 ± 119 nm2/s. We used this value as a benchmark
for Eg5 in a weak-binding state.
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Control STLC BRD
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5 mM ATP
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Control STLC BRD
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Figure 4-4: Drugs produce contrasting effects on Eg5 diffusion. Single-molecule diffusion of
QD655-labeled Eg5 along surface-immobilized MTs was measured in (a) 5 mM ATP or (b) 5 mM
ADP (N = 18 – 40 events). (a) In the absence of drug (control; open circles) the motor walked at
v = 66 ± 26 nm/s and had a small diffusion coefficient (D = 594 ± 167 nm2/s). In saturating STLC
(solid squares), the diffusive behavior was enhanced (D = 2,467 ± 161 nm2/s) while the velocity
dropped to 0 nm/s. In contrast, the BRD9876-inhibited motor (BRD, crosses) bound tightly to the
MT with negligible diffusion (D = 200 ± 25 nm2/s) and no directed motion. (b) In ADP, Eg5 in
the absence of inhibitors (control) diffused at D = 3,845 ± 119 nm2/s, and STLC treatment
slightly enhanced the diffusion (D = 4,182 ± 116 nm2/s), whereas BRD9876 treatment abolished
diffusion in ADP (D = 75 ± 37 nm2/s), consistent with STLC and BRD9876 generating
contrasting modes of inhibition. In STLC, higher motor concentrations were required to achieve a
sufficient number of binding events, which resulted in greater experimental noise and a larger yintercept in the MSD plot for STLC (σ2 = 2,609 ± 95 nm2 in ATP and 1,908 ± 60 nm2 in ADP)
compared with the control (σ2 = 720 ± 31 nm2 in ATP and 649 ± 43 nm2 in ADP) and the BRD
group (σ2 = 704 ± 15 nm2 in ATP and 895 ± 24 nm2 in ADP). Insets: Representative kymographs
under varying conditions with scale bars of 1 µm and 1 s.
Although both classes of drugs completely blocked directional movement (Figure 4-1),
different inhibitors had contrasting effects on the diffusive properties of Eg5. Treatment with
STLC resulted in motors diffusing along MTs relatively freely, with D = 2,467 ± 161 nm2/s in
saturating ATP and D = 4,182 ± 116 nm2/s in saturating ADP (Figure 4-4). These results are
consistent with previous work that found that STLC blocks ADP release and the weak-to-strong
transition (Larson et al., 2010; Skoufias et al., 2006). Further support for this mechanism comes
from the similarity in the diffusion constant in ADP in the presence and absence of STLC (Figure
4-4). Using stopped-flow, we confirmed that STLC and other L5 inhibitors slow the Eg5 MT-
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stimulated mADP release by greater than 20-fold (Figure 4-5) and we also observed that STLC
and filanesib, which had the strongest mechanical inhibition in the mixed motor gliding assay
(Figure 4-1d) most strongly inhibited the MT-stimulated mADP release rate. The finding that
STLC leads to a higher diffusion constant in ADP than in ATP can be interpreted either that the
STLC-mediated diffusion in ATP occurs in the ADP-Pi state (Chen et al., 2016) or that STLCinhibited Eg5 spends approximately half of its cycle in a high affinity state in ATP.
In marked contrast, BRD9876 caused Eg5 to bind tightly to MTs in either ATP (D = 200
± 25 nm2/s) or ADP (D = 75 ± 37 nm2/s), with the long dwell times consistent with BRD9876
trapping the motor in a strong-binding state. Based on the MT gliding and single-molecule
diffusion results, BRD9876 could inhibit Eg5 by: 1) trapping the motor in an apo state due to
interfering with nucleotide exchange, 2) blocking hydrolysis so that the motor is trapped in an
ATP state, or 3) causing a structural change that enhances MT binding independent of the
nucleotide state of the motor. In the next set of experiments, we set out to test these different
potential mechanisms.

Figure 4-5: L5 inhibitors slow the MT-stimulated mADP off-rate. 0.2 µM dimeric Eg5 were
incubated with 0.5 µM mADP in the presence or absence of 100 µM Eg5 inhibitors, and flushed
against varying [MT] plus 2 mM ADP. Transients were averaged and fit with a single
exponential, and the observed MT-stimulated mADP off-rates were fit with a hyperbola to
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generate the plateau mADP off-rate, kmaxmADP = 22.8 ± 1.8 s-1, and [MT] for half-maximal release,
K0.5 = 3.2 ± 0.5 µM MT for the control case (a). (b) All inhibitors significantly slowed ADP
release, as follows: monastrol, kmaxADP = 1.28 ± 0.18 s-1 and K0.5 = 0.18 ± 0.05 µM; ispinesib,
kmaxADP = 0.55 ± 0.05 s-1 and K0.5 = 0.16 ± 0.05 µM; STLC, kmaxADP = 0.45 ± 0.01 s-1 and K0.5 =
0.15 ± 0.01 µM; filanesib, kmaxADP = 0.44 ± 0.67 s-1 and K0.5 = 2.1 ± 4.4 µM.

4.2.3 BRD9876 generates an apo-state Eg5
To better understand the mechanism of Eg5 inhibition by BRD9876 we performed
microtubule-stimulated ATPase assays at varying ATP and MT concentrations. When ATP
concentration is varied, an ATP non-competitive inhibitor is predicted to change the Vmax without
a change in KMATP, whereas an ATP competitive inhibitor should change KMATP with no alteration
in Vmax. As seen in Figure 4-6a, increasing concentrations of BRD9876 increased the KMATP but
had negligible effect on the Vmax, consistent with the drug being a competitive inhibitor of ATP
binding with a KI of 3.8 ± 1.5 nM (see also Figure 4-7). This result differs from previous work
showing that BRD9876 is an ATP-noncompetitive inhibitor of Eg5 (Chattopadhyay et al., 2015),
but it is consistent with biochemical results from other inhibitors that bind at the α4-α6 interface
(Groen et al., 2008; Luo et al., 2007; Parrish et al., 2007; Rickert et al., 2008; Yokoyama et al.,
2015). Molecular docking simulations of BRD9876 binding to apo-Eg5 predicted that BRD9876
binds at the same site on Eg5 as another well-characterized rigor inhibitor PVZB1194 (Figure 48), consistent with the mutagenesis prediction (Chattopadhyay et al., 2015). Thus, we conclude
that in ATP, BRD9876 induces an apo-state of Eg5 and this strong-binding state underlies the
motor’s strong resistance against assisting loads (Figure 4-1) and lack of single-molecule
diffusion (Figure 4-4) in the presence of this inhibitor. To test for changes in the apparent MT
affinity, the MT-dependence of the ATPase activity was examined at 3 mM ATP and increasing
drug concentrations (Figure 4-6b). Based on the similarity of slopes, BRD9876 decreased the
KMMT and Vmax to the same degree, indicating MT-uncompetitive inhibition. This result indicates

95
that MT-binding is required for drug binding (Figure 4-6b, diagram), which may be due to the
high ADP affinity of Eg5 in solution (Cochran et al., 2004).
Because BRD9876 also inhibits diffusion of Eg5 in 5 mM ADP (Figure 4-4), we
hypothesized that BRD9876 may also be a competitive inhibitor of ADP. To test whether the
BRD9876-inhibited Eg5 is able to exchange ADP, we used single-molecule TIRF to measure the
duration of dimeric Eg5-MT binding events at varying ADP concentrations in the presence and
absence of drug (Figure 4-6c). At limiting ADP concentrations the MT unbinding rate is near
zero (confirming that the apo-state binds tightly), and at saturating ADP concentrations the MT
unbinding rate plateaus; the ADP concentration at which the rate is half-maximal represents the
KD for ADP binding to the Eg5-MT species (Chen et al., 2015) (see Figure 4-6c inset). Under
control conditions, Eg5 had a maximal MT-unbinding rate of 0.55 ± 0.02 s-1 and an ADP affinity
of KDADP = 86 ± 7 µM ADP (Figure 4-6c), in agreement with previous work (Chen et al., 2016).
In the presence of BRD9876, the effective nucleotide affinity dropped 25-fold (KDapparent = 2.2 ±
1.1 mM ADP), while the maximal off-rate remained at 0.52 ± 0.18 s-1 (Figure 4-6c). The lack of
effect on the maximal off-rate is consistent with BRD9876 acting purely as a nucleotide binding
inhibitor rather than causing a structural change in the Eg5-MT interface. The ~25-fold shift in
the apparent KDADP in the presence of 100 nM BRD9876 is consistent with the drug having a KI
of 4.1 nM, which closely matches the KI of 3.8 ± 1.5 nM from the ATPase assays (Figure 4-6a
and Figure 4-7). These competitive inhibition results using two independent assays are consistent
with a model in which binding of BRD9876 disrupts the nucleotide-binding pocket to exclude
both ATP and ADP, thereby generating a strong-binding apo-state species.
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Figure 4-6: Mechanism of Eg5 inhibition by BRD9876. (a) ATP-dependence of monomeric
Eg5 ATPase activity at 4 µM MT and varying BRD9876 concentrations. Rates were normalized
to the ATPase activity at 3 mM ATP (mean ± s.d., N = 5 for each point). Increasing drug
concentrations resulted in increasing KM (x-intercept) and similar Vmax (y-intercept), consistent
with BRD9876 acting as an ATP-competitive inhibitor with a KMATP of 7.6 ± 0.8 µM ATP, a KI
of 3.8 ± 1.5 nM BRD9876, and an IC50 of 1.3 µM BRD9876 (Figure 4-7). (b) MT-dependence of
monomeric Eg5 ATPase activity at 3 mM ATP and varying concentrations of BRD9876. The
decrease in Vmax (y-intercept) and increase in KM (x-intercept) with increasing BRD9876
concentrations are consistent with MT-uncompetitive inhibition, with a KDMT of 1.4 ± 0.2 µM
MT. (c) Left: Single-molecule binding durations of dimeric Eg5 at varying ADP concentrations,
measured by TIRF imaging of Qdot655-labeled motors. Control data were fit to a 3-state model
with kunbind of 0.55 ± 0.02 s-1 and KDADP of 86 ± 7 µM ADP (control, square). In the presence of
100 nM BRD9876 (open circles), off-rates were reduced, consistent with the drug trapping the
motor in the MT-bound apo-state. Data were fit to a 3-state model with kunbind = 0.52 ± 0.18 s-1
and KDapparent = 2.2 ± 1.1 mM ADP, giving KI = 4.1 nM BRD9876. Right: Data plotted as
Lineweaver-Burk to emphasize similar kunbind (y-intercept) and different apparent KDADP (xintercept), indicating that BRD9876 acts as an ADP-competitive inhibitor.

4.2.4 BRD9876 enhances Eg5-mediated MT-stabilization
Eg5 was recently shown to possess MT polymerase activity through a mechanism that is
thought to involve stabilization of incoming tubulin into the MT lattice (Chen and Hancock,
2015). One prediction from this model is that Eg5 inhibitors that weaken Eg5-MT interactions
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should reduce the MT stabilization activity, whereas inhibitors that strengthen Eg5-MT
interactions may enhance the motors’ microtubule stabilization activity. To test this prediction,
we bound Cy5-labeled taxol-stabilized MTs to coverslip surfaces, washed out taxol to induce MT
depolymerization, and measured the MT-shortening rate under different conditions (Figure 4-9a).
Under control conditions (which included 1 vol% DMSO) MT shrank at an average rate of 4.2 ±
0.2 nm/s; (mean ± s.e.m., N = 36). When Eg5 was introduced in the presence of 5 mM ATP, the
shortening rate was reduced to 2.9 ± 0.1 nm/s (N = 48), demonstrating the MT stabilization
activity of active Eg5. In the presence of monastrol, the shortening rate returned to the control
(MON: 4.5 ± 0.2 nm/s, N = 20), confirming that inhibitors that weaken the Eg5 binding eliminate
its MT stabilization properties. In contrast, in the presence of BRD9876 the shortening rate fell to
near zero (BRD: 0.7 ± 0.1 nm/s, N = 79). As a positive control, enhancing Eg5-MT binding by
replacing ATP with AMPPNP or no nucleotide also led to strong stabilization of the MT against
depolymerization (AMPPNP: 0.3 ± 0.1 nm/s, N = 33; Apo-state: 1.2 ± 0.1 nm/s, N = 25).
Therefore, although BRD9876 inhibits the motor’s ability to step along the microtubule, by
inducing a strongly-bound state the drug actually enhances the motors ability to stabilize MTs
against depolymerization.

a

b

Figure 4-7:	
  BRD9876 is a tight-binding ATP-competitive inhibitor. (a) ATPase rates at 3 mM
ATP and 4 µM MT across a range of [BRD9876] were replotted from Figure 4-6a, and fit to
non-competitive inhibition model Vdrug = Vcontrol(1/(1+[BRD9876]/KI)). The fit under these
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conditions gave an IC50 of 1.36 ± 0.24 µM, which is similar with previous work that found a 2-10
µM IC50 across varying cell lines(Chattopadhyay et al., 2015). That study interpreted the result as
non-competitive inhibition. (b) To more clearly show the competitive inhibition behavior, the
apparent KM for ATP (KMapp) at varying [BRD9876] were plotted from data in Figure 4-6a, and
fit to a competitive inhibition model, where KMapp = KMcontrol (1+[BRD9876]/KI). The fit generated
a KMcontrol of 6.9 µM ATP and a KI of 3.8 nM BRD9876. These KM and KI values gave an
estimated MT-unbinding rate of ~0.01 s-1 (motor dwell time ~100 s) at 5 mM ATP and 100 µM
BRD9876.

4.2.5 BRD9876 does not induce metaphase spindle collapse
In dividing cells, Eg5 activity is important during prometaphase for separating duplicated
centrosomes, and during metaphase for generating outward-directed forces that stabilize the
mitotic spindle (Gayek and Ohi, 2014; Kapoor et al., 2000). Eg5 inhibitors that induce either
weak- or strong-binding states have been shown to inhibit spindle formation, but they are
predicted to have contrasting effects on spindles that have already formed – inhibitors that
generate weak-binding states should cause spindle collapse, whereas inhibitors that generate
strong binding state should not. To test whether different drugs have different effects on
metaphase spindle integrity, we arrested RPE-1 cells in metaphase using 5 µM of the proteasome
inhibitor MG-132 for 90 minutes, followed by exposing cell lines to either a L5 inhibitor (STLC)
or rigor inhibitor (BRD9876) for another 90 minutes, and then measured the degree of
monopolarity (Figure 4-9b) (Gayek and Ohi, 2014). In control cells (MG-132 only), spindles
were uniformly bipolar, consistent with metaphase arrest. STLC treatment produced a
monopolarity index of 69 ± 9% cells being monopolar, consistent with weak-binding motors
being unable to resist inward-directed spindle forces (Gayek and Ohi, 2014). In contrast, in
BRD9876-treated cells, only 1 ± 1% of pre-anaphase structures were monopolar, consistent with
the notion that BRD9876-induced “rigor” Eg5 that stabilizes the metaphase spindle. Thus, the
weak- and strong-binding inhibited states observed in vitro are recapitulated in dividing cells, and
impact the mitotic spindle differently (Figure 4-10).
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Figure 4-8:	
   BRD9876 shares a binding site with other rigor inhibitors. From docking
simulations, BRD9876 (red) is predicted to bind in the hinge of a4-a6 helices, overlapping the
binding site of PVZB1194 (green) (Yokoyama et al., 2015). This allosteric site is also close to the
predicted binding site of GSK-1 (Luo et al., 2007), consistent with the grouping of these
compounds as a single class of Eg5 inhibitors.

4.3 Discussion

4.3.1 Differing mechanisms of Eg5 inhibition
We found that small molecule inhibitors can be classified into “Loop-5” inhibitors that all
reduce the ability of Eg5 to resist mechanical loads, and “rigor” inhibitors that enhance the ability
of Eg5 to resist mechanical loads. Using a phenotypic screening approach, Chattopadhyay et al.
(Chattopadhyay et al., 2015) found that, similar to monastrol (Kapoor et al., 2000) and STLC
(Skoufias et al., 2006), BRD9876 treatment resulted in enhanced spindle monopolarity and G2/M
arrest in multiple myeloma 1S cells. Analysis of phospho-mimetic Eg5 mutants in cells was used
to argue that BRD9876 preferentially binds to and inhibits MT-bound Eg5, and mutagenesis was
used to argue that the compound binds near the junction of helices α4 and α6, similar to other
rigor inhibitors (Luo et al., 2007; Parrish et al., 2007). In our cell-based assays, we also found that
BRD9876 generated monopolar spindles in dividing RPE-1 cells, and also observed that
BRD9876 caused Eg5 to concentrate at the spindle poles (the site of highest microtubule density
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in the cell), whereas STLC largely knocked Eg5 off the spindle (Figure 4-10) (Gayek and Ohi,
2014). This intracellular localization is consistent with our in vitro assays demonstrating that
BRD9876 induces a strong-binding state whereas STLC induces a weak-binding state in Eg5.
In contrast to Chattopadhyay et al., who concluded from monomeric Eg5 ATPase
experiments that BRD9876 acts as an ATP-noncompetitive inhibitor (Chattopadhyay et al.,
2015), we found that BRD9876 acts as a competitive inhibitor of ATP. To investigate this
question further, we measured the microtubule binding durations of dimeric Eg5 in ADP; this
assay uses dimeric rather than monomeric motors and focuses solely on nucleotide binding and
motor-MT interactions, simplifying the analysis. Again, we found that the data were consistent
with competitive inhibition of nucleotide binding, and the KI of 4.1 nM from the ADP dimer
experiments matched the KI of 3.8 nM from the monomer ATPase experiments, further
supporting our claim. Thus, we conclude that BRD9876-inhibited Eg5 is in a MT-bound apostate, and interpreted the IC50 of 2-10 µM measured by Chattopadhyay et al. as a KI in the nMrange in the presence of mM-level of ATP across varying cells (see also Figure 4-7). This ATPcompetitive inhibition is consistent with what was found for the biaryl compounds GSK-1 (Luo et
al., 2007) and PVZB1194 (Parrish et al., 2007), both of which were shown to dock at the α4/α6
interface (Figure 4-8) (Yokoyama et al., 2015). The inhibitor BI8, which also binds at the α4/α6
interface was reported to act as a mixed ATP-uncompetitive inhibitor of Eg5 ATPase activity
(Sheth et al., 2010). However, the drug was shown to also bind to a site near L5 (Ulaganathan et
al., 2013), meaning that the effect on Vmax could be due to the Loop-5 binding site. Hence, those
data do not rule out the possibility that BI8 binding to the α4/α6 site acts as an ATP-competitive
inhibitor.
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Figure 4-9:	
   Effects of Eg5 inhibitors on microtubule stability and spindle integrity. (a)
Effects of inhibitors on MT depolymerization following taxol washout. Cy5-labeled, taxolstabilized MTs were bound to coverslips using a kinesin-1 rigor mutant, and taxol was washed
out to induce MT depolymerization. For ATP and MON+ATP, Eg5 was presented at 40 nM,
whereas for the strong-binding species BRD, AMPPNP, and Apo, only 5 nM Eg5 was used,
emphasizing the potency of Eg5 in stabilizing MT under these conditions. All samples included 1
vol% DMSO. All data are shown (points) along with the mean (line) and fit to a normal
distribution (curve). (b) Spindle collapse assays in the presence of varying inhibitors.
Representative images of RPE-1 cells are shown, immunostained for tubulin (green), centrin
(magenta), and DNA (blue). Scale bar: 5 µm. Quantification of spindle integrity. In the control
group (no Eg5 inhibitor), the spindle retained its bipolar geometry and no monopolar spindles
were observed (N = 89). In the presence of the L5 inhibitor STLC, 69 ± 9% of spindles collapsed
to monopole phenotype (mean ± s.d., N = 94). In contrast, in the presence of the rigor inhibitor
BRD9876, 1 ± 1% spindles were monopolar (mean ± s.d., N = 81). Eg5 localization under
different conditions is shown in Figure 4-10. The spindle collapse assays were carried out by A.
S. Gayek.
The MT-uncompetitive behavior reported for rigor inhibitors (Luo et al., 2007; Parrish et
al., 2007; Rickert et al., 2008) implies that inhibitors only bind to the enzyme-substrate complex
(Eg5-MT) but not to the free enzyme (Eg5). It is well established that microtubule binding
reduces the Eg5 nucleotide affinity (Chen et al., 2016; Cochran et al., 2004), and this apparent
drug binding selectivity may simply result from free motors having a higher nucleotide affinity –
drug binding can outcompete nucleotide binding for MT-bound Eg5 where the nucleotide affinity
is reduced, but in solution nucleotide binding to Eg5 outcompetes drug binding. The decrease in
nucleotide binding affinity upon microtubule binding has been structurally interpreted in kinesin1 by the “seesaw” mechanism, in which lateral rotation of a subdomain of the kinesin head
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alternatively opens the nucleotide binding and neck-linker docking clefts (Shang et al., 2014). In
kinesin-5, which has a unique L5 latch (Muretta et al., 2013), the coupling between the switch
and neck linker domains is diminished and the structural transition are not as sharp as kinesin-1
(Goulet et al., 2014; Muretta et al., 2015). These differences may lead to the slower observed
MT-stimulated ADP release in Eg5 compared to kinesin-1 (Chen et al., 2016; Cochran et al.,
2004; Mickolajczyk et al., 2015). One possible inhibition mechanism is that in apo-Eg5, binding
of rigor inhibitors to the α4/α6 interface may allosterically close the nucleotide cleft, thereby
blocking nucleotide exchange (Luo et al., 2007; Yokoyama et al., 2015).
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Figure 4-10:	
  BRD9876 traps Eg5 motors on the mitotic spindle. (a) Eg5 localization following
inhibitor treatment of RPE-1 cells arrested in metaphase arrest by MG-132. In the control group,
Eg5 was largely bound to the spindle, consistent with its role in establishing spindle bipolarity. In
the presence of the L5 inhibitor STLC, which result in spindle collapse, Eg5 motors were
displaced from the spindle. In the presence of the rigor inhibitor BRD9876, which did not cause
full spindle collapse, Eg5 was bound to microtubules, particularly near the poles. (b) Eg5
localization following inhibitor treatment of normally dividing cells. In the control group, Eg5
was largely localized to spindle microtubules. Both STLC and BRD9876 inhibited spindle
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formation, but Eg5 was localized to microtubules in BRD, whereas no microtubule binding by
Eg5 was evident following STLC treatment. Images are intensity-matched for each fluorophore.
Scale bar: 10 µm. The cellular assays were carried out by R. Ohi.

4.3.2 Differing mechanisms of Eg5 inhibition
Because BRD9876 inhibits motor function, it is surprising that the drug enhances the
ability of Eg5 to stabilize MTs. In previous work, we showed that Eg5 dimers enhance the growth
rate of dynamic MTs, reduce the catastrophe frequency, and promote the formation of long (~µm)
protofilament curls at growing plus ends (Chen and Hancock, 2015), which was interpreted by a
model in which Eg5 at a growing plus-end uses its head domains to stabilize incoming tubulin.
Here we assessed the influence of dimeric Eg5 on the MT shrinkage rate following taxol washout
and found that BRD9876-inhibited motors strongly stabilized MTs against depolymerization
(Figure 4-9a and Figure 4-11), presumably by binding to adjacent tubulin on a protofilament and
stabilizing them in the microtubule lattice. The potency of this stabilization is emphasized by the
fact that control experiments in ATP were performed at 40 nM motor concentration, whereas the
effects of drug inhibition was performed at only 5 nM Eg5 dimer concentration. Also, the
stabilization activities in AMPPNP and no nucleotide confirm that neither ATP hydrolysis nor
processive walking are required for Eg5-mediated microtubule stabilization. It is interesting to
speculate the degree to which the cellular effects of BRD9876 are due to the lack of processive
plus-end motility, MT crosslinking by inhibited Eg5, and enhanced stabilization of MTs by
inhibited Eg5. One possibility is that BRD9876-inhibited Eg5 has a taxol-like effect in stabilizing
microtubules in cells. More detailed cellular investigations will be required to assess the
contribution of these different activities to the effect of BRD9876 on dividing cells.
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Figure 4-11:	
   Different mechanisms of Eg5 inhibition. The biological impacts of diverse Eg5
inhibitors on MT stability and the spindle integrity are presented graphically. Treatment with L5
inhibitors induces a weak-binding state in Eg5, knocking Eg5 off the microtubules and reducing
its effective concentration. This eliminates the Eg5 microtubule polymerase and stabilization
activities, and additionally causes metaphase spindle collapse. In contrast, rigor inhibitors induce
a strong-binding state in Eg5, which enhances microtubule stabilization and crosslinks metaphase
spindles, which maintains spindle bipolarity in already-formed spindles.
The different inhibition mechanisms of L5 and rigor inhibitors revealed the contribution
of Eg5 to both spindle formation and maintenance. Because they both inhibit motor pushing
forces, it is not surprising that both inhibitor classes blocked spindle formation. Inhibition
following metaphase arrest revealed that inward-directed forces in the spindle are sufficient to
collapse the spindle when Eg5 is inhibited in the weak-binding state, but locking Eg5 motors to
overlapping microtubules stabilizes the spindle against collapse even though the motor is
inhibited. While cell bipolarity was not affected by BRD9876, chromosomal alignment was
disrupted (Figure 4-9b and Figure 4-11), indicating some mechanical factors beyond Eg5 that
regulate spindle geometries and force balance. Previous work showed that application of STLC in
HeLa cells arrested in metaphase was not sufficient to induce spindle collapse; most likely this is
due to the prominent kinetochore-fibers that must shorten to enable spindle collapse (Gayek and
Ohi, 2014). In contrast, the K-fibers are more dynamic in the RPE-1 cells used here (Bakhoum et
al., 2009). Recent studies showed that in cells where Eg5 is inhibited by mutation or FCPT
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treatment, the kinesin-12 motor KIF15 is able to partially replace Eg5 function to achieve spindle
assembly (Sturgill et al., 2016). It is possible that in BRD9876-treated cells, KIF15 activity,
perhaps activated by Eg5-induced microtubule bundling or crosslinking, is contributing to
stabilization of the spindle (Vladimirou et al., 2013). The different inhibited states induced by
loop-5 and rigor Eg5 inhibitors should provide a chemical probe for dissecting the diverse roles
of Eg5 in mitosis.

4.4 Experimental Procedures
Protein constructs, purification, and quantification. Dimeric Drosophila kinesin-1 (KHC)
was truncated to length 1-560 and fused to a C-terminal eGFP-tag and hexaHis tag(Shastry and
Hancock, 2011). Dimeric Eg5 consisted of the entire head and neck linker domain of X. laevis
Eg5 (residues 1-368) fused to KHC coiled-coil and eGFP-tag, as previously described (Shastry
and Hancock, 2011). In some assays, the eGFP-tag was replaced with the biotinylated Avi-tag for
Qdot labeling (Mickolajczyk et al., 2015). Monomeric Eg5 constructs consisted of the entire head
and neck linker domain (residues 1-368) fused to a hexa-His tag (Chen et al., 2016). Procedures
for bacterial expression and protein purification, storage conditions, and active motor
quantifications were described previously (Chen et al., 2016). All experiments were carried out in
BRB80 buffer (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH 6.8) at room temperature 23 °C.
Mixed motor gliding assays. The mixed-motor gliding assays were carried out as
previously described (Arpağ et al., 2014). Briefly, flow cells were constructed, surfaces were
treated with casein and anti-His antibodies, solutions of kinesin-1 (KHC) and the kinesin-5 (Eg5)
were mixed at varying ratios and saturating total motor concentrations (total concentration: ~400
nM) (Hancock and Howard, 1998), and motors were introduced into the flow cell. Rhodaminelabeled MT were mixed with varying inhibitors and introduced into the flow cells, and MT
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gliding speeds were recorded and quantified as desribed previously (Chen et al., 2015). The
quality of the motor samples was validated by confirming smooth motility (no pauses) at 100%
KHC or 100% Eg5, with velocities that matched single-molecule velocity measurements. Any
MT that were statically bound to the surface were not included in velocity estimates.
Simulation of gliding assays. In the simulations of the mixed motor gliding assays, we set
the microtubule (MT) at a fixed height, attached to a mixture of kinesin-1 and kinesin-5 (Eg5)
motors at different fractions. Our approach is described in detail in Arpag et al. (Arpağ et al.,
2014). Briefly, the motion of the MT is governed by Langevin dynamics as given by,
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where, 𝑥(𝑡) is the time-dependent position of the microtubule, 𝐹!,∥
𝑡 is the parallel force

caused by ith motor, 𝐹 ! (𝑡) is the Brownian force, and 𝜁∥ is the friction coefficient of a cylinder
near a planar surface(Howard, 2001). Motors obey a linear force-velocity relationship given by
𝑣 = 𝑣! 1 −

𝐹∥
𝐹!

(S2)

where 𝑣! is the unloaded motor velocity, 𝐹! is stall force, and 𝐹∥ is the force of the motor
along the MT axis. MT gliding velocities are determined by a linear fit to the position vs. time
plots. Kinesin-1 and -5 motors detach with a force-dependent off-rate. Specifically, kinesin-1
detaches with 𝑘!"" (𝐹) = 0.79𝑒 !/!! for hindering loads, and 𝑘!"" (𝐹) = 0.79 + 1.56𝐹 for
assisting loads, whereas kinesin-5 detaches with a symmetric off-rate of the form 𝑘!"" (𝐹) =
𝑘!"" 0 𝑒 !/!! (see Arpağ et al. 2014 for details). Here, 𝐹! is the force dependence of motor
detachment, and 𝑘!"" 0 is the force-independent off-rate. Motors bind immediately to the MT
after detachment. In the simulations, motors were modeled as cable-like springs with a rest length
of 40 nm, at a density of 20 /µm. The MT length was  10 µm at a distance of 15 nm from the
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surface, resulting in a friction coefficient value of  𝜁‖ = 7.1769 ∙ 10!! kg/s. The time step in the
simulations was 10!! s. In the simulations, identical kinesin-1 parameters were used as
previously described (Arpağ et al., 2014), and Eg5 velocity and unloaded off-rate values were
determined in the present study (Figure 4-1 and 4-2). The only free parameter of the simulations
was the critical detachment force, Fc, which was obtained for each condition by minimizing the
squared error between experiments and simluation. For each kinesin-1/kinesin-5 fraction, 10
independent simulations were performed and averaged. Gliding velocities were matched to
experiments at zero and hundred percent kinesin-1 fraction by iteratively changing the unloaded
velocity (see Arpağ et al. 2014 for details). The best match to experimental data was determined
via calculation of least square error.
Single-molecule fluorescence measurements. Single-molecule diffusion and fluorescence
lifetime measurements of QD655-labeled (Thermo-Fisher Q10121MP) biotinylated Eg5 were
carried out as described (Chen et al., 2016). Microtubules were polymerized using a 1:20 ratio of
Cy5-labeled and unlabeled bovine brain tubulin. To reduce non-specific binding of QD655 to
surfaces, coverslips were sialanized and passivated with F-108, as previously described (Chen
and Hancock, 2015). Image acquisition procedures followed those of Chen et al. (Chen et al.,
2015). Detailed methods used to estimate nucleotide affinity can be found below (Chen et al.,
2015).
Quantification of motor diffusion. 1D single-particle tracking was carried out on movies
of Qdot-labeled Eg5 using the MultipleKymograph plug-in in ImageJ (http://imagej.nih.gov/ij/).
To determine the motor position wih sub-pixel resolution, 1D Gaussian curves were fit to each
row of the kymographs. Particles that dwelled longer than 1 second (20 frames) were collected,
and lag times from 50-500 ms (1-10 frames) were analyzed to quantify the mean-square
displacement (MSD). A quadratic form (MSD(Δt) = v2Δt2 + 2DΔt + σ2) or a linear form
(MSD(Δt) = 2DΔt + σ2) was assigned based on the presence or the absence of stepping, and the
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reciprocals of SEM were assigned as weights (Saxton, 1993). To compensate for rare MT binding
events in some inhibitors, motor concentrations were determined in order to maximize MTbinding events across varying inhibitors (100 pM to 2 nM), which may give different level of
systemic error term σ2.
ATPase assays. ATPase was measured by enzyme-coupled assays (Huang et al., 1994)
with 5-20 nM active monomeric motor using a Multi-Mode Micro Plate Reader (Molecular
Devices Flexstation 3). ATPase rates were normalized to the control ATPase at 3 mM ATP and 4
µM MT, and are presented as mean ± s.d. for N = 4-5 determinations for each point.
MT shrinkage assays. Cy5-labeled, taxol-stabilized microtubules were diluted to ~300
nM and bound to a coverslip surface using kinesin-1 rigor mutants (Mickolajczyk et al., 2015).
Taxol was washed out with 5-fold volume of taxol-free buffer, and MT depolymerization was
monitored for 15 minutes at 37 °C using an objective heater (Bioscience Tools MTC-HLS).
Images were acquired every 5 minutes using Nikon TE-2000 TIRF microscope and microtubule
lengths measured using line scan in ImageJ.
Cell-based assays. Spindle formation assays and spindle collapse assays in RPE-1 cells
were performed as described (Gayek and Ohi, 2014). In spindle collpase assays, cells plated onto
acid-washed coverslips were treated with 5 µM MG-132 for 90 minutes to induce a metaphase
arrest. Cells were then exposed to 100 µM STLC or 50 µM BRD9876 in the continued presence
of 5 µM MG-132 for 90 minutes, and then fixed in ice cold methanol at -20°C for 10 minutes.
Cells were rehydrated by incubation in Tris-buffered saline plus 0.1% Triton X-100 (TBST), and
then blocked with AbDil (TBST + 2 mg/ml bovine serum albumin (Sigma-Aldrich)) for 10 min.
Cells were then probed for 1 h with primary antibodies to tubulin (DM1α; Vanderbilt Antibody
and Protein Resource, Nashville, TN) and centrin (Gayek and Ohi, 2014) diluted in AbDil, rinsed,
probed for 45 min with secondary antibodies diluted in AbDil, and rinsed. DNA was stained with
5 µg/ml Hoechst 33342. The Eg5 antibody, which was raised against Xenopus Eg5 (Miyamoto et
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al., 2004), was a gift from the Mitchison lab. The antibody was used at 1 µg/mL, and was
detected using an Alexa 594-conjugated goat-anti rabbit antibody. Coverslips were mounted in
Prolong Gold (Invitrogen). Fixed cells were imaged using a 60×/1.4 numerical aperture (NA)
objective (Olympus, Tokyo, Japan) with 1.6× auxiliary magnification on a DeltaVision Elite
imaging system (Applied Precision, Issaquah, WA). Optical sections were collected every 0.2
µm. Ratio de-convolution and maximum-Z projection were performed in SoftWoRx (Applied
Precision). Images were prepared for publication using ImageJ (National Institutes of Health,
Bethesda, MD) and NIS-Elements (Nikon, Tokyo, Japan) software. All images are maximum-Z
projections of de-convoluted image stacks.
Stopped-flow kinetics. Stopped-flow measurements using mant-nucleotides were carried
out on an Applied Physics SX20 spectrofluorometer using 356 nm excitation with a HQ480SP
emission filter. To quantify the MT-induced mADP off-rates in varying inhibitors, 0.1 – 0.2 µM
motor incubated in mADP were flushed against varying [MT] plus 2 mM ATP, and the observed
rates were fit using the equation (Chen et al., 2015):
𝑘!"# =
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At low [MT], the rates can be fit to a line, with the slope corresponding to the apparent
bimolecular MT on-rate (Chen et al., 2016).
Molecular docking. The small molecule BRD9876 was generated using the Material
Studio 7.0. In brief, the chemical structure was first depicted, followed by free energy
minimization using Dreiding force field in GULP module. The receptor, rigor Eg5, was drawn
from the entry 3WPN in the Protein Data Bank (Yokoyama et al., 2015) by removing the ligand
PVZB1194 and water molecules using the software UCSF Chimera (Pettersen et al., 2004). The
processed structural files of ligand and receptor were submitted to the SwissDock web server for
molecular docking (Grosdidier et al., 2011b, 2011a). The global fit gave 256 models separated by
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35 clusters. The lowest-energy binding pose from the cluster with the lowest binding free energy
was selected for the superposition representation using UCSF Chimera.
Data analysis. All of the curves were fit with instrumental weighting function in
OriginPro 9.1 software. Unless otherwise specified, data are shown as mean ± s.e.m.

4.5 Formula Derivation
Single-molecule durations reveal ADP affinity of a MT-bound Eg5 (Figure 4-12). The
model of single-molecule fluorescence dwell time measurement is listed above. Free motor in
solution (state a) reversibly bind to the MT (state b), followed by nucleotide release to generate a
strong-binding motor (state c). In the existence of the competitive compound, BRD9876 (labeled
as red), the motor excludes ADP binding and traps in that strong-binding apo-state (state d).
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Figure 4-12:	
  Model of BRD9876-induced apo-state dwell time.
The expectation of its dwell time from the initial state i until it detaches from
microtubule, Ti, can be formulated as (Moffitt et al., 2010),
Ti =τi +

Pij Tj
i={b,c,d}

(S3)

Here, τi denotes the dwell time when a motor enters state i, and Pij denotes the transition
probability from State i to State j. The above scalar form can be rewritten as a vector form (Chen
et al., 2015),
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T = τ + P ∙T

(S4)

T=(I-‐P)-‐1 ∙τ

(S5)

or,

We then assign the transition probability matrix (in absence of State a),
0
P= k cb τc
0

k bc τb
0
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k cb τc
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Upon microtubule encountering, the motor initially stays at State b. Thus, Tb corresponds
to the desired expectation of dwell time of each fluorescent event,
k cd
k cb τc τb +k bc τb τc +k bc τb k cd τc τd
1
k bc (1+ k dc )
Tb =
=
+
k cb τc k ba τb
k ba k cb k ba

(S8)

When comparing the symbols with the parameters in the model, we further formulated
the dwell time as a linear function of 1/[ADP].
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This form is comparable with the competitive inhibition model using the LineweaverBurk plot in ensemble kinetics.

Chapter 5

Conclusion and Future Perspectives
Kinesin-5 plays important roles in cell division and neurogenesis (Myers and Baas, 2007;
Sawin et al., 1992), and kinesin-5 motors have been explored as a viable target for anticancer
therapeutics (Rath and Kozielski, 2012). The focus of this thesis is to develop biochemical and
biophysical tools to investigate the enzymology of the mitotic kinesin-5, Eg5, and its role in
regulating microtubule dynamics. This dissertation covers a broad spectrum of Eg5 enzymology,
including

single-enzyme

characterization,

computational

simulations,

investigations

of

physiological roles in cells, and inhibitor studies. In Chapter 2, I focused on chemomechanical
characterization of Eg5-microtubule interactions. By thoroughly understanding Eg5 biochemistry
on microtubule polymers, I next delved into the underlying mechanism of Eg5-mediated tubulin
dynamics in Chapter 3. In Chapter 4, I identified a chemical inhibitor BRD9876 that behaves
differently from conventional Eg5 inhibitors, and which should provide a clue for the next
generation Eg5 inhibitors for anticancer therapeutics. Analogies of these studies can be drawn to
other kinesin and microtubule-associated proteins, providing a nanometric approach to resolve the
questions in larger-scale cell biology, such as in spindle organization, neuron regeneration, and
ciliogenesis.
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5.1 Evolutionary divergence of kinesin motors

5.1.1 Structural divergence in kinesin motors
How do kinesin superfamily motors diversify their duties to support diverse cell
physiology? Sequence and structural comparison across kinesin motors can provide clues to
answer this question. The kinesin superfamily consists of 14 sub-families plus several
uncategorized orphan kinesins (Lawrence et al., 2004), and all of these motors contain head and
neck-linker domains, a coiled-coil domain, and a tail (Arnal and Wade, 1998; Hackney and Stock,
2000; Hoenger et al., 2000, 1998; Hwang et al., 2008; Kaan et al., 2011; Khalil et al., 2008;
Kozielski et al., 1997; Sack et al., 1997; Shang et al., 2014; Sindelar and Downing, 2010;
Svoboda et al., 1993). Because kinesin motors have a similar head structure, the
mechanochemical divergence of each sub-family member is thought to result from its
unstructured domains (Figure 5-1A). For example, grafting Loop11 of kinesin-5 or kinesin-8 into
kinesin-1 causes kinesin-1 to gain functions in end-binding and tubulin assembly-disassembly
features, indicating that Loop11 is implicated in the mediation of tubulin dynamics and enddwelling time (Arellano-Santoyo et al., 2017). The neck linker domain acts as a structural
element that defines the processivity of kinesin-1, -2, -3, -5, and -7 (Shastry and Hancock, 2011).
The unstructured tail domain contains a microtubule crosslinking capacity that has been found in
kinesin-5s, -8s, -12s, and -14s (Gliding et al., 2017; Norris et al., 2018; Su et al., 2013; Weinger
et al., 2011). Hence, an attractive hypothesis is that the motor function is specified by specific
sequence elements. This model has been successfully applied to the kinesin-5, Eg5, which
contains Loop11-mediated microtubule polymerase activity, neck linker-mediated processivity,
and tail-mediated microtubule crosslinking.
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An unresolved question is what structural domains enable kinesin-5 to produce additive
forces in multi-motor teams, a unique property that has not been found in other kinesin members
(Furuta et al., 2013; Milic et al., 2018; Shimamoto et al., 2015). One possibility is its unique
Loop5, which acts as a mechanical latch that transduces loads from the nucleotide pocket to the
microtubule-binding interface (Behnke-Parks et al., 2011). Upon ATP hydrolysis of kinesin-5
there is a lag-time in the dynamics of the Switch-I and neck linker domains (Muretta et al., 2015),
which might enable synchronization of teams of motors to enable summed forces. The second
possibility is the closure of the N-terminal cover strand and the neck linker (“cover-neck
bundles”), which directly impacts motor force production, is unique in kinesin-5 (Hwang et al.,
2008; Khalil et al., 2008). The third possibility is that Loop8, which is a microtubule-binding
element that has been shown to mediate directionality (Gerson-Gurwitz et al., 2011), could
diminish force sensitivity to enhance motor cooperativity. Finally, in Chapter 3, we have shown
that Loop11 contributes to durations on microtubules, which directly changes the force sensitivity
of kinesin-5. To specify the key element that mediates force sensitivity and motor
synchronization, developing mechanical-based assays is required, including approaches of
microfluidic devices, magnetic tweezers, optical traps, and mixed-rigor gliding assays. Domainswap strategies can be utilized to create chimeric motor proteins to tease out the fundamental
structural components lead to kinesin-5 having these functionally divergent mechanochemical
properties. By understanding the sequence identity, one could use genetic tools to engineer
kinesin mechanochemical activity and resolve the questions in why and how kinesin motors have
evolved to mechanically and biochemically regulate a specific cellular functions.

115
A

B
Eg5

Loop5
Neck-linker

Loop8

N-terminal

Loop11

α-Tubulin

β-Tubulin

Figure 5-1:	
   Kinesin-5 structure and sequence. (A) Structural elements of Eg5 (PDB: 4AQW).
(B) Sequence alignment of Kinesin-5 across species. The yeast Cin8 contains a large N-terminal
sequence.

5.1.2 Comparing kinesin-5 structure and function across species
The functional divergence of microtubule dynamics between vertebrate Eg5 and yeast
kinesin-5s remains unresolved, which necessitates the functional analysis of yeast kinesin-5
motors, particularly Cin8. During prometaphase, individual Cin8 motors show minus-enddirected motility and accumulate at microtubule minus-ends, co-align the spindle pole body and
perform plus-end-directed motility upon clustering, and finally concentrate at the midzone to
elongate spindle apparatus (Gerson-Gurwitz et al., 2011; Goldstein et al., 2017; Roostalu et al.,
2011; Shapira et al., 2017). Cin8 exhibits a non-canonical binding mode of four heads tightly
packed on a preformed microtubule that is different from Eg5 (Bell et al., 2017). This property
may result from the long N-terminal sequence that does not exist in other kinesin-5 species
(Figure 5-1B). A puzzling finding is that budding yeast kinesin-5 motors (Cin8 and Kip1) appear
to act as microtubule depolymerases (Gardner et al., 2008), which potentially relates to the fact
that yeast spindles are much smaller than vertebrates (McCoy et al., 2015). The enzymology
underlying these properties has not been studied, but is important for understanding spindle
organization in yeast.
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To resolve the functional diversity between Cin8 and Eg5, particularly in roles of
microtubule dynamics, one answer might be in extending and generalizing the observations to
different species. For example, the invertebrate Drosophila kinesin-5, KLP61F, possesses
functional similarity to vertebrate Eg5 during cytokinesis and neurogenesis (Tao et al., 2006). The
first question is whether KLP61F exhibits microtubule polymerase or depolymerase activity, and
the same procedure could be followed to identify the fission yeast Cut7, which has been shown to
stabilize microtubule arrays during metaphase (Rincon et al., 2017; Yukawa et al., 2017). The
species comparison on microtubule dynamics could dissect Eg5 roles during mitosis and
neurogenesis across evolutionary boundaries.

5.2 Insight into regulation of microtubule dynamics

5.2.1 MAP-induced and tail-mediated microtubule stability
The motor affinity-based tubulin assembly model developed in Chapter 3 to interpret the
effects of Eg5 on microtubule stability could be applied more generally to other microtubuleassociated proteins. For example, tau proteins have been shown to bind to microtubules tighter
than free tubulin, which may play an important role in stabilizing microtubules in neurons
(Drechsel et al., 1992). Biasing microtubule affinity of tau proteins has been shown to effectively
change microtubule density (Elbaum-Garfinkle et al., 2014; Gong et al., 2000; Lindwall and Cole,
1984). Similarly, the kinesin-7 CENP-E binds to microtubules tightly and regulates microtubule
stability in vivo (Gudimchuk et al., 2013). Conversely, the kinesin-8s and kinesin-13s display a
tighter affinity on a curved lattice, which prohibits the bound-tubulin from straightening and
induce lateral bond disruption to depolymerize microtubules (Arellano-Santoyo et al., 2017;
Hunter et al., 2003). It would be intriguing to test whether this affinity-induced microtubule

117
stability is viable across all microtubule-associated proteins, including XMAP215 and TPX2,
which have been shown to be essential to microtubule nucleation during mitosis.
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Figure 5-2:	
  Regulators of tubulin dynamics. (A) The tails of kinesin-14 HSET motors bind and
deliver tubulin oligomers that promote spindle aster formation in vitro. Tail domain affinity might
stabilize oligomers and thereby enhance microtubule nucleation. (B) Post-translational
modifications of tubulin. Modifications including phosphorylation, tyrosination/detyrosination,
polyglycination, polyglutamination, acetylation, and polyamination have been identified, which
modulate tubulin dynamics, mechanical properties, and affinities of binding proteins. (C) Tubulin
tyrosination level affects the mechanics of the kinesin-7, CENP-E. CENP-E prefers detyrosinated
tubulin over tyrosinated tubulin, which might differentiate kinetochore attachment frequency
during meiosis.
Aside from these microtubule-binding proteins, the tail domains of kinesin motors can
associate with tubulin oligomers, which could contribute to tubulin dynamics. It has been shown
that the tails of kinesin-5s, -8s, -12s, and -14s can crosslink microtubules to promote motor
activity (Gliding et al., 2017; Norris et al., 2018; Su et al., 2013; Weinger et al., 2011), but studies
of their impacts on tubulin dynamics are lacking. A clearer example is the kinesin-14, HSET,
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whose tail and head domains crosslink separate microtubules to promote aster formation by
populating tubulin between the head-bound microtubule and the tail-bound tubulin on the onset of
mitosis (Figure 5-2A) (Norris et al., 2018). The fact that the HSET head domains prefer
microtubules and the tails favor tubulin oligomers suggests that full-length motors might promote
microtubule nucleation (Norris et al., 2018). Similarly, Eg5 tail domains can crosslink
microtubules (Weinger et al., 2011), but neither its microtubule nucleation activity nor its headtail interaction on microtubule dynamics have been identified. As eukaryotic systems that enable
full-length Eg5 expression become affordable, studying microtubule dynamics activity of Eg5
beyond head domain might be a potential direction to clearly link in vitro findings to cellular
results.

5.2.2 Tubulin PTM- and isoform effects on microtubule dynamics
The biochemical properties of tubulin, including isotype differences and posttranslational modifications (PTMs), can have effects on microtubule dynamics. Diverse tubulin
isotypes have been identified in mammalian cells, and all of them present varying dynamics
during polymerization (Vemu et al., 2016). The best-known example is βIII-tubulin, which has
been shown to resist taxane agents in vitro, in cancer cell lines, and in human tumor cells (Yang
et al., 2016). Point mutations in βIII-tubulin generate a species that stabilizes microtubules by
decreasing the microtubule catastrophe frequency (Ti et al., 2016), suggesting that a single moiety
on tubulin is sufficient to reshape the physical properties of microtubules. Similarly, tubulin
PTMs include polyamination, phosphorylation, acetylation, polyglutamination, polyglycination,
tyrosination, and detyrosination (Figure 5-2B). It has been shown that tubulin PTMs can change
tubulin dynamics, geometry, and mechanics. The best-recognized example is tubulin acetylation,
which is used as an indicator of microtubule “aging”, and which produces a brittle microtubule
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with a diminished capacity for assembly (Portran et al., 2017; Schaedel et al., 2015). One hurdle
in understanding tubulin isotype and PTM effects is that the traditional method of tubulin
purification from brain tissue results in a heterogeneous population of tubulin.
Recently, methods of large-scale recombinant tubulin expression have been established
using eukaryotic cell systems, which allows for the opportunity to better define effects of specific
isotypes and PTMs on microtubule stability and dynamics. With controllable tubulin
homogeneity, the first question is how tubulin PTMs modulate the activity of microtubuleassociated proteins. For example, tubulin tyrosination alters kinesin-1 and kinesin-7 microtubule
binding affinity and mechanics, emphasizing the significance of the tubulin code on kinesin’s
mechanical regulations (Barisic et al., 2015; Cai et al., 2009; Hammond et al., 2010; Sirajuddin et
al., 2014). Extending from this concept, cells might take advantage of this affinity discrepancy to
partition the motor by tuning the spatiotemporal distribution of tubulin PTMs. It has been shown
that meiotic spindle contains an uneven tubulin tyrosination that causes asymmetric centromere
alignment (Akera et al., 2017), perhaps through differential effects on kinesin-7 activity (Figure
5-2C). Finally, the influence of tubulin PTMs on MAP-tubulin affinity may result in changes in
MAP-induced tubulin dynamics, which might act as a feedback loop to regulate microtubule
architecture in cells.

5.2.3 Motor phosphorylation modulates polymer stability
Post-translational modifications of kinesin motors can regulate motor activity and
potentially impact tubulin dynamics. The best-studied example is kinesin-5 Eg5, where multiple
phosphorylation sites have been identified (Bickel et al., 2017). Moreover, proteomic studies
reveal that Eg5 has an acetylation site in the motor domain residue K146, which directly enhances
Eg5 chemomechanical coupling and load performance (Muretta et al., 2018). The role of Eg5
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modifications on tubulin dynamics remains untested, and could act as novel pathway for
regulating microtubule density across different stages of the cell cycle.

5.3 Regulation of the Eg5 complex
The best-defined regulatory mechanism in the kinesin superfamily is the tail domain
inhibition of kinesin-1, where the tail docks on the motor domains and traps both heads in the
nucleotide-containing weakly-bound state (Kaan et al., 2011). Additionally, several adaptor
proteins have been identified that regulate kinesin and dynein activity (Khodjakov et al., 1998;
Reck-Peterson et al., 2018), and viruses such as HIV could take advantage of this trafficking
strategy to promote dispersion (Gaudin et al., 2012). These of protein complexes efficiently tune
motor activity and diversify the functions of motor proteins in cells.
During mitosis, kinesin motors work in multi-protein complexes to orchestrate changes in
spindle geometry and positioning. For example, TPX2, which acts as a scaffold for Eg5, along
with HURP, Dyneins, Aurora A Kinase, γTuRC, XMAP215, and KIF15, all influence spindle
formation (Koffa et al., 2006), and are thought to play central roles in establishing the RanGFPdependent nucleation pathway that regulates mitotic spindle size and density (Helmke and Heald,
2014). Although we have shown in the present work that individual Eg5 motors stabilize
microtubules and promote tubulin assembly, how Eg5-mediated tubulin dynamics are coordinated
in multi-protein complexes remains unknown. One potentially important regulator is Aurora A
Kinase, which has been shown to phosphorylate TPX2 (Fu et al., 2015), KIF15 (van Heesbeen et
al., 2017), and Eg5 (Giet et al., 1999), and thereby modulate their microtubule binding activities
(Figure 5-3).
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Figure 5-3:	
   Cooperativity in an Eg5 multi-protein complex. The Aurora A Kinase performs
phosphorylation activities on potential substrates, which might mutually modulate Eg5-mediated
tubulin dynamics in vivo.

5.4 Spatiotemporal Regulation of Mitotic Spindle Architecture
Mechanisms describing how Eg5 effects on microtubule dynamics change mitotic spindle
geometry and regulate spindle size have been proposed but never tested. For instance, it remains
unclear why Eg5 motors accumulate around the poles during mitosis (Uteng et al., 2008).
Traditionally, global perturbations, which include small molecule inhibitors (Kapoor and
Mitchison, 2001), auxin-inducible degron systems (Nishimura et al., 2009), RNA interference and
mutagenesis (Boettcher and Mcmanus, 2015), reveal binary and qualitative answers such as upor down-regulation by a particular protein. However, these global manipulation methods lack
spatial and temporal resolution, which makes them not suitable for clarifying Eg5 function around
poles. This limitation has been resolved recently by local manipulations that provide acute and
precise approaches to control protein-protein interactions (Figure 5-4). For example, optical traps
and microneedle systems that can produce mechanical forces inside of cells (Garzon-coral et al.,
2016) could be used quantify intracellular Eg5 dynamics in response to perturbing microtubule
asters and spindles. Optical manipulations including laser ablation (Vukušić et al., 2017) and
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optogenetics (Van Haren et al., 2018; Zhang et al., 2017) could be used to eliminate or activate
Eg5 around spindle poles, and the resulting phenotype be analyzed to dissect Eg5 function. These
technologies should provide new quantitative information to study Eg5-mediated cell size
regulation and spindle architecture.
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Figure 5-4:	
   Perturbation strategy for studying the mitotic spindle. Traditional perturbations
B include genetic approaches (e.g. knock-out, knock-in, or knock-down), chemical
that act globally
approaches (inhibitors), and metabolomics approaches (e.g. auxin-inducible degron system).
Recently, new technologies provide better spatiotemporal resolution for local manipulation; these
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5.5 Developing chemical probes for biological and clinical systems

5.5.1 Chemical compounds to study MAP-modulated tubulin curvature
Chemicals that can bind to tubulin can change tubulin dynamics. To date, tubulin
inhibitors have been shown to bind four sites: intra-dimeric wedge (Colchicine site), inter-dimeric
wedge (Vinca or Maytansine sites), lateral lumen (Taxane site), and lateral surface (Peloruside
site) (Akhmanova and Steinmetz, 2015). From crystal structures, both intra- and inter-dimeric
wedge inhibitors freeze tubulin protofilaments in a kinked conformation and thereby promote MT
depolymerization. Conversely, drugs that bind to the tubulin-tubulin lateral contacts typically
promote inter-protofilament stability. In Chapter 3, I used these inhibitors as tool compounds to
identify how tubulin curvatures change Eg5 binding kinetics (Figure 5-5A). However, I have not
identified a compound that can detect the highly curved tubulin conformation (e.g. KLP67Abound tubulin).
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Figure 5-5: Developing tubulin wedge sensors. (A) Structural representations of a kinesin head
and the intra-dimeric wedge inhibitor on a tubulin dimer (PDB: 4AQW and 5CA1). (B) Tubulin
curvature-sensing probes. Tubulin binding proteins could modulate tubulin curvature thereby
affecting wedge opening. There are potentially chemicals that can sense a broad curvature
spectrum of tubulin, but they are yet to be discovered.
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Is there any compound that can sense a broad spectrum of tubulin curvatures? Structural
details demonstrate that intra-dimeric wedges bind to beta-tubulin but not alpha-tubulin, which
could explain why the existing compounds cannot distinguish a highly curved tubulin from the
control. Conversely, it is practical to design a drug with a bulkier functional group that forms
chemical bonds with both alpha- and beta-tubulin and only binds to an ultra-curved tubulin but
not the control tubulin (Figure 5-5B). Identification or synthesis of these compounds would
provide a powerful tool for biochemical assays to validate MAP-induced tubulin conformational
changes that alter MT dynamics.

5.5.2 Next generation anti-cancer therapeutics
The best-studied chemical therapeutic that targets microtubules is paclitaxel, which slows
the tubulin turnover rate, perturbs mitosis, and triggers apoptosis to slow cancer progression.
However, taxol-resistant tumors have been documented (Yang et al., 2016), which necessitates
the development of new strategies for anti-cancer therapeutics. Using combinational therapeutics
to block mitosis is a promising approach to bolster the efficacy of cancer treatments. Thus,
inhibitors for mitotic regulators such as Eg5 and Aurora B Kinase are of particular importance
due to the capacities of these proteins in maintaining spindle geometry and ensuring proper
chromosome segregation.
The kinesin-5 Eg5 is the first kinesin motor shown to be a “druggable” target for
anticancer treatment. The first generation Eg5 inhibitor, monastrol, has been widely applied to
study vertebrate Eg5 function (Kapoor et al., 2000). Monastrol binds to the Loop5 region and
blocks Eg5 chemomechanical transduction from nucleotide hydrolysis to microtubule binding
(Behnke-Parks et al., 2011). The second generation of Eg5 inhibitors that also focus on this
identified binding site have been generated by introducing different functional groups to optimize
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their pharmacokinetics. These compounds include ispinesib, litronesib, and filanesib (Rath and
Kozielski, 2012). However, these Loop5 inhibitors contain less potency in clinical phase III trials,
even though they show significant effects on tumor shrinkage in mouse studies (Mitchison et al.,
2017). It is possible that the redundant pathways rescue Eg5 inhibition and thereby reduce drug
efficacy (Sturgill et al., 2016).
As part of this work, I have identified a group of Eg5 inhibitors that induce microtubule
stability and confer a “taxane-like” effect on microtubules. It is possible that these inhibitors
could have similar cellular effects as paclitaxel, and could be potential candidates for nextgeneration anticancer treatments. Moreover, as cells contain salvage pathways and redundancy,
these Eg5 inhibitors could maximize the cytotoxicity through combination therapeutics (Milic et
al., 2018). Hence, beyond the discovery of a chemical probe for cell biology to inhibit Eg5
motors, our identification of new Eg5 inhibitors should provide a new strategy of anti-cancer
therapeutics that can work synergistically with paclitaxel.
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Appendix

Investigate Kinesin-2 Weak Force Sensitivity using Biochemical Approach
This research was originally published in Journal of Biological Chemistry, Chen, G.-Y.,
Arginteanu, D.F.J. and Hancock, W.O., Processivity of the Kinesin-2 KIF3A Results From RearHead Gating and Not Front-Head Gating. J. Biol. Chem. 2016; 290:10274–10294. ©The
American Society for Biochemistry and Molecular Biology.
The kinesin-2 family motor KIF3A/B coordinates with dynein to bidirectionally
transport intraflagellar particles, melanosomes and neuronal vesicles. Compared to kinesin-1,
kinesin-2 is less processive and its processivity is more sensitive to load, suggesting that the
gating mechanisms that their control processivity may differ. To understand the motor roles that
front-head gating and rear-head gating, we carried out stopped flow kinetics experiments using
mant nucleotides, steady state assays, and single-molecule investigations to characterize the entire
kinetic cycle a functional mouse KIF3A homodimer that exhibits similar motility to full-length
KIF3A/B. Upon first encounter with the microtubule lattice, the motor exchanges mADP with an
on-rate of 18 µM-1 s-1 and an off-rate of 27 s-1. When AMPPNP was used to entrap the motor in a
two-heads-bound state, exchange kinetics were unchanged, indicating that rearward strain in the
two-heads-bound state does not alter nucleotide binding to the front head. Similar lack of fronthead gating was found with mATP and when the neck linker domain was shortened from 17 to 14
residues to enhance intramolecular strain. In contrast, microtubule pelleting and single-molecule
microscopy assays found that in ADP the motor dissociates with an off-rate of 2.1 s-1 and a KD of
0.5 µM, similar to its behavior in ATP. Hence, kinesin-2 processivity results from rear-head
gating and not front-head gating. Based on the kinetics measurements, finally we propose a
complete model of the kinesin-2 hydrolysis cycle that accounts for all of the kinetics and motility
data. This study provides the direct evidence that rear-head gating does and not front-head gating
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does not play a role in kinesin-2 processivity and suggests that kinesin-2 mechanochemistry is
specifically adapted for bidirectional transport.

A.1 Introduction to kinesin-2
The kinesin-2 motor KIF3A/B transports IFT particles in cilia and flagella, pigment
granules in melanosomes, and vesicles in neurons (Cole, 1999; Haraguchi et al., 2006; Hirokawa
and Noda, 2008; Yamazaki et al., 1996). Deficiencies in these transport processes are implicated
in polycystic kidney disease and neurodegenerative diseases (Hirokawa and Noda, 2008; Lin et
al., 2003; Marszalek et al., 2000). Kinesin-2 motors work together with dynein to transport cargo
bidirectionally along microtubules, and the mechanisms underlying the regulation of this
bidirectional transport are hotly debated (Hancock, 2014). In some cases, kinesin-1 and kinesin-2
are found on the same cargo for reasons that are not entirely clear (Hendricks et al., 2010, 2012b).
Part of this lack of clarity is because, while kinesin-1 has been the subject of extensive study,
little is known regarding differences between the kinesin-1 and kinesin-2 chemomechanical
cycles.
Due to similarities in sequence and motor characteristics, the stepping mechanism of
kinesin-2 is thought to be qualitatively the same as kinesin-1. Kinesin-1 steps in a hand-over-hand
manner (Hackney, 1994a; Howard, 1995; Kaseda et al., 2003; Yildiz et al., 2004) at a rate of 100
steps per second (Hackney, 1995), and can walk against hindering loads approaching 6 pN
(Meyhöfer and Howard, 1995; Svoboda and Block, 1994). Kinesin-1 is highly processive, taking
100 or more steps before detaching (Block et al., 1990), which results from tight coordination
between the hydrolysis cycles of the two heads. Compared with kinesin-1, kinesin-2 shows a
similar stall force, a velocity roughly half of kinesin-1, and run lengths of roughly one fourth of

128
kinesin-1 (Brunnbauer et al., 2010; Shastry and Hancock, 2010), implying less head-head
coordination.
The gating mechanisms underlying kinesin-1 processivity have been the subject of
intense investigation, but they are not entirely resolved and the degree to which these gating
mechanisms extend to other kinesins is also not clear. The key to kinesin processivity is
maintaining the hydrolysis cycles of the two heads out of phase, such that at least one head is
bound to the microtubule at all times. The two prominent (nonexclusive) mechanisms to achieve
this are front-head gating and rear-head gating (Block, 2007; Guydosh and Block, 2006; Hancock
and Howard, 1998, 1999; Klumpp et al., 2004; Rosenfeld et al., 2003). Front head gating holds
that when both heads are bound to the microtubule, rearward tension on the front head inhibits
ATP binding, such that the rear head detaches before ATP binding and stepping by the front head
can occur (Block, 2007; Guydosh and Block, 2006; Rosenfeld et al., 2003). In contrast, the rear
head gating model holds that binding of the front head accelerates detachment of the trailing head
from the microtubule, implying that processivity results primarily from the fact that dissociation
from the one-head bound state is slower than the overall hydrolysis cycle (Hancock and Howard,
1998, 1999).
The most direct evidence for front-head gating in kinesin-1 is the finding that when the
motor is locked in the two-head-bound state by AMPPNP, the on-rate for binding of mADP is 80fold slower than in the unstrained one-head-bound state (Rosenfeld et al., 2003). Further support
comes from the finding that release from such a two-head-bound state requires a back-step before
forward stepping resumes (Guydosh and Block, 2006). Strain-dependent nucleotide binding and
phosphate release experiments also support the front-head gating model in kinesin-1 (Guydosh
and Block, 2006; Klumpp et al., 2004; Uemura and Ishiwata, 2003). Structurally, the inhibition of
nucleotide binding could result from a mechanical deformation of the front head, or it could be a
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consequence of the specific conformation of the motor domain that results when the neck linker is
physically prevented from docking.
We found previously that processivity differences between kinesin-1 and kinesin-2 could
be entirely accounted for by differences in their neck linker lengths, and that for motors in other
kinesin families, shortening the neck linker to the 14 residue length in kinesin-1 also increases
their processivity (Shastry and Hancock, 2010, 2011). This dependence on neck linker length was
attributed to the change in inter-head tension that results from extending the elastic element
connecting the two motor domains. From stochastic simulations, neither front-head gating nor
rear-head gating alone was sufficient to explain the processivity and velocity dependence on neck
linker length, but results could be quantitatively accounted for by a model in which inter-head
tension modulate both front- and rear-head gating (Shastry and Hancock, 2010).
The goal of the present work was to uncover the kinetic mechanisms underlying kinesin2 processivity by investigating the biochemical kinetics of a homodimeric KIF3A motor that was
shown previously to have similar velocity, run length, and load-dependent properties as fulllength KIF3A/B (Andreasson and Block, 2013; Muthukrishnan et al., 2009; Shastry and Hancock,
2010). To test for the presence of rear-head gating, the dissociation rate of KIF3A from
microtubules in the low-affinity ADP state was measured and compared to the normal motor
stepping rate. In ADP, KIF3A dimer dissociates from microtubules at a rate 20-fold slower than
the motor stepping rate in saturating ATP, meaning that during stepping, detachment of the rear
head is accelerated (‘gated’) by the activity of the leading head. To test for front-head gating, the
motor was locked in a two-head-bound state and the rate of nucleotide binding to the strained
front head was measured. Front-head nucleotide exchange was identical to unstrained rates,
meaning that nucleotide binding (‘gating’) of the front head is not altered by the activity of the
trailing head. Thus, the processivity of KIF3A results from a rear-head gating mechanism in
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which the motor dissociates slowly from the microtubule, and fast stepping is achieved by straindependent detachment of the trailing head.

A.2 Experimental Procedures
Protein constructs, purification, and quantification— All KIF3A constructs consist of the
head and neck linker domain of M. musculus KIF3A, fused to the coiled-coil of Drosophila KHC.
Details of the GFP-labeled constructs, as well as their bacterial expression and nickel column
purification were described previously (Shastry and Hancock, 2010). KIF3A17 and KIF3A14 refer
to equivalent constructs truncated at amino acid 406 of the Drosophila kinesin-1 coiled-coil and
fused to a C-terminal His6-tag. BL21(DE3) strains containing 406-length constructs were started
in a 1 liter LB broth flask overnight, and this seed flask was used to inoculate 20-liters of Terrific
Broth plus 100 µg/ml ampicillin in a Micros 30 L or Mobile Pilot Plant 80 L fermentor housed at
the PSU Huck Life Sciences Institute Shared Fermentation Facility. After growing to 5-7 O.D.,
expression was induced by addition of 1 mM IPTG. After overnight expression at 18 oC, bacteria
were pelleted using a Sharples T-1-P or AS-16 centrifugation system. Bacterial paste was frozen
in liquid N2 and stored at -80 oC for later use. Following Ni column purification, motors were
exchanged into 25A200 buffer (25 mM K-ACES, pH 6.9, 2 mM Mg-Acetate, 2 mM K-EGTA,
0.1 mM K2-EDTA, 1 mM β-mercaptoethanol, 200 mM KCl) containing either 10 µM ATP or 0.5
µM mADP using an AKTA FPLC system with GE HiTrap Desalting column. For storage, 10%
w/v sucrose was added to all motor solutions, samples were frozen on liquid N2 and stored at -80
o

C. Final motor dilutions were 1:100 or greater, and the small contribution of KCl in final buffer

(2 mM or less) was ignored. A subset of the motors was exchanged into mADP by incubating
motors in elution buffer (which contains 10 µM ADP) with 100 µM mADP, and then exchanging
into 25A200 plus 0.5 µM mADP. The concentration of active motors was measured by adding 1

131
mM ADP to a motor sample to chase off bound mADP, measuring the total mADP concentration
(356 nm Ex / 450 nm Em) in a Shimadzu 3000 spectrofluorometer, and subtracting the
contribution of the 0.5 µM free mADP in the buffer. Stock motor concentrations were in the
range of 1 - 30 µM dimer. Unless otherwise specified, for stopped-flow experiments using
mADP-bound motors, motors were diluted without adding additional mADP. GFP-labeled
motors were quantified by GFP absorption at 488 nm using ε488 = 55,000 M-1cm-1. All
experiments were carried out in BRB80 buffer (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH
6.8) to allow for direct comparison of rates.
ATPase assays— ATPase was quantified by enzyme-coupled assay following a protocol
modified from Huang and Hackney (Huang and Hackney, 1994). BRB80 buffer was
supplemented with 1 mM MgATP, 2 mM PEP, 1 mM MgCl2, 0.2 mg/mL casein, 10 µM Taxol,
0.25 mM NADH and 1.5/100 vol. of PK/LDH (Sigma P-0294). Motor concentrations between 10
and 50 nM were used, and absorbance at 340 nm was recorded on an Agilent 9453A UV-vis
spectrophotometer. Rates were estimated by linear fit to regions of steady-state absorbance
decrease.
Microtubule pelleting assays— Pelleting assays were carried out in BRB80 supplemented
with 1 mM MgCl2, 10 µM Taxol, 1 mg/mL casein and 1 mg/mL BSA plus added nucleotide. Mt
and GFP-labeled motors were incubated for 10 minutes with 1 mM MgADP or 2 mM MgATP,
while the control group was incubated in 1 mM MgAMPPNP. Samples were then centrifuged for
10 min in Beckman-Coulter Airfuge A-100/18 rotor to pellet microtubules with bound motors.
For the ATP experiments, incubation was kept to a maximum of 5 minutes to minimize ATP
depletion and an ATP regeneration system consisting of 1 µg/ml creatine phosphokinase and 2
mM phosphocreatine was added. GFP fluorescence (488 nm Ex / 512 nm Em) was used to
quantify motor concentrations in the pre-spin and supernatants, and the fraction of pelleted
motors was calculated. Pelleting data are presented relative to the amount pelleted in AMPPNP.
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mADP-ADP competition assays— mADP-ADP competition and nucleotide release assays were
carried out by spectrofluorometer (356 nm Ex / 450 nm Em). For competition assays, 0.4 µM
motors were incubated with 2 µM Mt and 2 µM mADP, and titrated against varying
concentrations of unlabeled ADP. The IC50, defined as the [ADP] where the fluorescence signal
drops to 50%, was fit using Morrison’s quadratic equation (Morrison, 1969),
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equation (Cheng and Prusoff, 1973):
K !"#
=
!

!"!"
!"#$

!! !"#$
!

,

!

which for [mADP] >>K mADP
simplifies to:
D
IC!" =

!!"#
!

!!"#$
!

[mADP] .

Single-molecule fluorescence— Single-molecule imaging of GFP-labeled motors was
carried out using a TIRF microscope at room temperature, as previously described (Shastry and
Hancock, 2010). Microtubules were polymerized using a 1:20 ratio of Cy5-labeled (GE
Healthcare) and unlabeled tubulin, and were surface-immobilized by a monoclonal anti-β-tubulin
antibody (Sigma T7816), followed by blocking with 0.5 mg/mL casein + 1 mg/mL BSA. Binding
events were scored manually and dwell time and run length histograms were fit by single
exponential distributions. Motor off-rates in ADP were fit using the following scheme:
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!

Mt + ADP

!!"#
!"

!!"#
!""

K

!"#

Mt

!!"#$"%

K

!"#

+ Mt . The mean residence time on the

microtubule was calculated based on the mean residence time in the apo- and ADP-states (Moffitt
et al., 2010), respectively,
τD =

1
kADP
off +kunbind

τ! =

,

!
!!"#
!" [!"#]

,

and the transition probabilities between states,
P!→! =

!!"#
!""

!!"#
!"" !kunbind

=    k !"#
!"" τ! ,

P!→! = 1 .
The mean dwell time on the microtubule, T, is
T = τ! + P!→! (τ! + P!→! T) ,
or,
T=

!! !!!→! !!
!!!!→! !!→!

=

!!"
!!"#
!" !"# !!!""

kunbind !!"#
!" [!"#]

.

The observed off-rate, kobs , is equal to the reciprocal of the mean dwell time,
k !"# =   

1
kunbind [ADP]
=
T
ADP + K !"#
!

where
K !"#
=
!

!!"#
!""
!!"#
!"

.

Steady-state motility assays— Gliding assays were carried out as previously described
(Uppalapati et al., 2009). Motors were attached to the surface through a monoclonal anti-his
antibody (Invitrogen #1046237), and velocities were quantified with the MtrackJ plug-in in
ImageJ (http://imagej.nih.gov/ij/).
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Stopped-flow setup— All stopped-flow experiments were carried out on an Applied
Physics SX20 spectrofluorometer using 356 nm excitation with HQ480SP emission filter. All
assays were carried out in BRB80 buffer supplemented with 1 mM MgCl2 and 5 µM Taxol. Data
were fit using Origin 9.1 software.
k !"
!" experiment— Motors were first incubated with 0.5 µM mADP to exchange the ADP in the
head domain. 0.1 µM motors were mixed against varying concentration of Mt with 1 mM ADP.
The data were fit to a biexponential, and the fast phase was fit to the following equation to obtain
the maximal mADP off-rate and apparent Mt affinity:
k !"# =

!!"#$
[!"]
!""
[!"]!!!"
!.!

+c.

Half-site experiment— Motors were combined with microtubules to generate a species
with one head bound and mADP in the tethered head. This complex was then flushed against a
solution containing ATP or AMPPNP, the data fit by a biexponential, and the faster rates fit to the
following equation to obtain the maximum half-site release rate and apparent nucleotide binding
affinity:
k !"# =

!"#/!"

!!"#

[!"#]

!"#/!"
[!"#]!!!.!

.

Unstrained and strained nucleotide exchange kinetics— 0.1-0.2 µM motors were
combined with 20-fold Mt to generate a species with one head bound and mADP in the tethered
head. To generate a two-head-bound species, an additional 200 µM AMPPNP was added. These
complexes were flushed against varying mant-nucleotide concentrations (mAxP), the data were
fit by a biexponential and the faster rates were fit by linear regression to obtain the nucleotide onand off-rates: k !"# = k !"#$
[mAxP] + k !"#$
.
!"
!""
Model for sequential release— The sequential release experiment in Figure A-4d was
modeled using the following scheme:
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K mADP

!!
!

K mADP

!!
!

K mADP

!

.

In the first step, microtubule binding triggers release of one mADP, and in the second
step, ATP binding triggers stepping and release of the second mADP. The observed rates for the
two mADP release steps are,
k!!"# = k! ,
k !!"# =

!
!/!! !!/!!

=   

!! !!

.

!! !!!

When the rates of the first and second steps are similar, the observed rate for the total
signal drop, kobs , can be approximated as
k !"# =

!
!

!

k!!"# + k !!"# =

!

k! +

!! !!
!! !!!

.

These modeled rates are compared to the experimental rates in Figure A-4d. To estimate
errors, the equation was linearized by Taylor series expansion,
k !"# = k !"# +

!!!"#
!!!

k! +

!!!"#
!!!

k! + ⋯ .

where, k obs is the mean rate and higher order terms are ignored. The slope for the firstorder approximation can be calculated as,
!!!"#
!!!
!!!"#
!!!

=

!

=

!

!

!

1+(
1+(

!!
!! !!!
!!
!! !!!

)! ,
)! .

Thus, the standard error of kobs is
se!"# =

!!!"# !
!!!

se!! +

!!!"# !
!!!

se!! ,

where se! and se! are the experimental standard error of k1 and k2 , respectively.
Ensemble Kinetics Simulations— Following determination of the rate constants in Table
A-2, stopped flow experiments were simulated by ensemble kinetics simulations, as follows. Free
nucleotide concentrations in solution were assumed to be constant, and bimolecular rate constants
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for nucleotide binding were converted to first order rates by multiplying by the relevant free
nucleotide concentrations. For a model with n states (where n = 8 in Figure A-1), an n-by-n rate
matrix, R, was defined, where each element Rij corresponds to the rate constant from state i to j
(in s-1). A one-dimensional concentration matrix c, was defined and populated with initial
concentrations of every state, c0. The scalar form of the governing equation for any state i is:
!
c
!" !

=

! R !" c!

− c!

! R !"

,

and the vector form is:
!
!"

𝐜 = 𝐑! − diag(𝐑 ∙ 𝟏)    ∙ 𝐜 .

We simulated this governing equation using the ode45 function in MATLAB to produce
the concentration matrix Cm×n, corresponding to n states at m time points. Each state is assigned a
weight, wn×1, based on the number of bound mant-nucleotides (0, 1 or 2), and the final observed
signal, sm×1, is the sum of the signal contributions from each state:
𝒔=𝑪∙𝒘.
To simulate different stopped flow experiments, different matrices were defined based on
specific experimental parameters, and simulated fluorescence traces were obtained for each.
Traces were fit by single- or biexponential functions in Origin 9.1, and compared with the
experimental data (Figure A-9d to j). MATLAB code can be found in Supplementary Materials
as EnsembleKineticsSimulation.m.
Single-Molecule Simulations— Single-molecule simulations in Figure A-9a to c were
carried out using the rate matrix R, defined above, using an approach used previously
(Muthukrishnan et al., 2009; Shastry and Hancock, 2010), but executed in a different manner.
The mean dwell time in every state, i, is
t! =

!
! !!"

.

Where Rij are the rate constants out of state i. The dwell time matrix is defined as,
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𝐭 = diag(𝐑 ∙ 𝟏)!! ∙ 𝟏 .
Because all rate constants are first order, the dwell time in a given state i follows an
exponential distribution with mean dwell time ti. The distributions of dwell times for every state
were obtained using the Gillespie algorithm (Gillespie, 1977; Muthukrishnan et al., 2009).
When transitioning out of state i, the probability of transitioning to any state j is
P!" =

!!"
! !!"

= R !" t ! .

The transition rates and dwell times were used to define the transition probability matrix,
𝐏 = diag(𝐭) ∙ 𝐑 .
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Figure A-1: Model for the KIF3A chemomechanical cycle. Motors in solution (state 1) bind to
the Mt (state 2), triggering ADP release (state 3). Next, ATP binds (state 4), and is hydrolyzed
(state 5), and the tethered head binds (state 6), and releases its ADP, generating a two-head-bound
state (state 7). If nucleotide binding to the front head is gated, then the rear head detaches to
complete the cycle (state 3). If front-head gating is not present, then ATP can bind before the
trailing head detaches (state 8), which could potentially lead to hydrolysis and premature
ATP
unbinding (not shown). Front-head gating is defined as kATP
on, FH < kon , and rear-head gating is
defined as kdetach > kunbind . Note that detachment from state 5 may involve Pi release followed by
detachment from the ADP state. See text for further details and see Table A-2 for KIF3A rate
constants.
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The probability of transitioning from state i to any state j is determined by the ith row of
the transition probability matrix, where the sum of every row equals 1. The new state, j, was
chosen by selecting a random number from a uniform distribution from 0 to 1, and choosing the
transition based on the relative probabilities, Pij.
Simulations recorded the run duration, run length, and distribution of step times for each
of 1000 motors. Motor velocity was calculated by dividing the run length by the run duration, and
the randomness parameter was estimated from the distribution of step durations (Moffitt et al.,
2010; Svoboda et al., 1994). MATLAB code can be found in Supplementary Materials as
SingleMoleculeSimulation.m.
Gliding Assay Simulations— Steady-state gliding velocities were simulated by
calculating the expected time for a motor to complete one entire hydrolysis cycle, following the
approach of Moffitt et al. (Moffitt et al., 2010). State 6 was assigned as the starting point because
it does not have a bifurcation. To avoid a singularity of our final solution, we created a phantom
state 6’ as the destination, resulting in a new Rate matrix R’ having an extra dimension. The
transitions into state 6 were replaced by transitions into state 6’ and the transition rates into state 6
and out of state 6’ were set to zero. To model the high local [Mt] for motors in the gliding assay,
[Mt] was set to 1000 µM.
As with the single-molecule simulations, a dwell time matrix tn×1 was defined, with each
element (other than the terminal state 6’) calculated as
t! =

!
!!! !
!!! !!"

.

Next, starting from the state transition probability matrix, a new matrix, 𝐌𝐧×𝐧 , was
created by omitting state 6’, where,
M!" = R!!" t ! .
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(a) ATPase assay

(b) Mt pelleting in ADP

(c) Strong binding states

(d) Mt pelleting in ATP
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Figure A-2: KIF3A microtubule affinity determination. (a) Mt-stimulated ATPase activity of
KIF3A17-GFP. From Michaelis-Menten fit, kcat = 42 ± 4 s-1 and KMt
0.5 1.0 ± 0.2 µM Mt. Inset:
-1
ATPase of KHC-GFP with KMt
=
1.9
±
0.4
µM
Mt
and
k
46
±
4
s
. Data are mean ± SD from
0.5
cat
3 independent determinations at each [Mt]. (b) Mt affinity of KIF3A17-GFP in 1 mM ADP from
pelleting assay. Hyperbolic fit gave KMt
D of 0.45 ± 0.07 µM Mt and maximum pellet of 0.49 ±
0.03. Data are mean ± SD from 3 independent determinations at each [Mt]. Inset: Mt affinity of
KHC-GFP in 1 mM ADP, giving KMt
D 11 ± 0.3 µM Mt. (c) Mt affinity of KIF3A17-GFP in 1 mM
AMPPNP- and no added nucleotide, giving KMt
D of 0.056 ± 0.012 and 0.039 ± 0.006 µM Mt,
respectively. (d) Mt affinity of KIF3A17-GFP in 2 mM ATP plus regenerating system, giving KMt
D
of 0.62 ± 0.08 µM Mt. The finding that the binding isotherms extrapolate to less than 1.0 suggests
that there may be a subpopulation of motors that pellet in AMPPNP but do not pellet in ADP or
ATP. (e) Mt binding rate for KIF3A17-GFP. Schematic describes the portion of the hydrolysis
cycle being interrogated. KIF3A17 motors were flushed against varying [Mt] and traces (average
of n = 5 at each [Mt]) were fit with a rising exponential with rate constant kobs . Linear fit to kobs
at low [Mt] gave microtubule binding rate, kbind = 3.1 ± 0.1 µM Mt-1 s-1. (f) Mt unbinding rate for
KIF3A17-GFP. Single-molecule dwell-time measurements in varying [ADP] give a maximal
detachment rate, kunbind = 2.1 ± 0.2 s-1 and KADP
of 14 ± 3 µM ADP (n > 130 events at each
D
[ADP]). Inset: Distribution of KIF3A17-GFP dwell times at 100 µM ADP (n = 165).
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Finally, a new matrix, T, was created that defines the mean time from each state, i, to the terminal
state 6’,
𝐓=𝐌∙𝐓+𝐭,
whose solution is:
𝐓 = (𝐈 − 𝐌)!! ∙ 𝐭 .
The stepping velocity, calculated as the reciprocal of the run time starting at state 6, v =

!
!!

,  was

compared to the experimental gliding velocities in Figure A-9k and l. MATLAB code can be
found in Supplementary Materials as GlidingAssaySimulation.m.
Data analysis— Curve fitting was carried out using nonlinear regression in Origin 9.1
software. For fits, data points were weighted by the inverse of their standard error.

A.3 Results

A.3.1 Conceptual hydrolysis model of KIF3A
To reveal differences between the hydrolysis cycle of kinesin-2 and kinesin-1, we used a
KIF3 homodimeric construct (KIF3A/A) containing the head and neck linker of M. musculus
KIF3A linked to the coiled-coil of Drosophila kinesin-1. Its velocity, run length, and loaddependent properties have been shown to match those of full length KIF3A/B (Andreasson and
Block, 2013; Muthukrishnan et al., 2009; Shastry and Hancock, 2010). Here, KHC denotes
conventional kinesin, which has a 14-residue in neck linker domain. KIF3A17 denotes the
KIF3A/A homodimer having the wild-type 17-residue neck linker domain, and KIF3A14 denotes
the same motor with a Pro-Ala swap and deletion of the last three residues in the neck linker to
match that of KHC (Shastry and Hancock, 2010).
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As a starting point for analysis of the KIF3A hydrolysis cycle, we started from a
hydrolysis cycle developed for kinesin-1 (Figure A-1) (Muthukrishnan et al., 2009; Shastry and
Hancock, 2010). The cycle begins with motors in solution having an ADP bound to each head
(state 1) (Hackney, 1988). The initial interaction of the motor with the microtubule lattice is a
weak-binding state (state 2) that converts to a strongly-bound state following ADP release (state
3) (Gilbert and Johnson, 1994; Hackney, 1994a, 1994b; Ma and Taylor, 1995). Binding of ATP
(state 4) triggers neck linker docking and ATP hydrolysis (state 5) (Rice et al., 1999), which is
followed by microtubule binding (state 6) and ADP release by the tethered head (state 7)
(Hackney, 1994a; Milic et al., 2014). In this scheme, processivity is determined by the race
between binding of the tethered head to next binding site (state 5 to 6) and dissociation of the
bound head from the microtubule (state 5 to 1). From state 7, intramolecular strain in the twohead-bound conformation accelerates rear-head detachment (state 3), completing the hydrolysis
cycle and resulting in one 8 nm step. Front-head gating is incorporated in this scheme by
postulating that ATP binding to the leading head in state 7 is inhibited due to rearward strain,
preventing premature hydrolysis and detachment (Rosenfeld et al., 2003). Rear-head gating is
incorporated by the fact that dissociation from the one-head bound state 5 is slower than
detachment of the trailing head in the two-head bound state 7 (Hancock and Howard, 1998). To
understand the KIF3A hydrolysis cycle, experiments were designed to measure each parameter in
Figure A-1.

A.3.2 In the ADP state, KIF3A binds microtubules more strongly than kinesin-1
To unravel the hydrolysis cycle, we first measured the steady-state ATPase of KIF3A and
kinesin-1 (Figure A-2a). The motors had similar K Mt
0.5 (KIF3A-GFP: 1.0 ± 0.2 µM Mt; KHCGFP: 1.9 ± 0.4 µM Mt), indicating similar microtubule affinities when the motors were actively
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stepping along microtubules and hydrolyzing ATP. This similarity in K Mt
0.5 for ATPase is
consistent with previous single-molecule motility experiments that found that kinesin-2 and
kinesin-1 had similar dwell times on the microtubule in saturating ATP (Shastry and Hancock,
2010).
Next, microtubule pelleting assays were carried out to compare microtubule affinities of
the motors in different nucleotide states. The dissociation rate from the ADP-Pi state (state 5 in
Figure A-1) is of particular interest for understanding processivity, but due to the difficulty in
reversing Pi release by adding free Pi to solution (Hackney, 2005), we used the ADP state (state 2
in Figure A-1) as a proxy for the ADP-Pi state. In monomeric rat kinesin-1, the microtubule
affinity in the ADP state was found to be elevated in the presence of added Pi (Crevel et al.,
2004b), but subsequent work suggested that the effect may be caused by inhibition of ADP
binding by Pi (Hackney, 2005); there is no evidence that the ADP-Pi state has a lower affinity
than the ADP state.
Surprisingly, in the ADP state, KIF3A had a nearly 20-fold higher Mt affinity than KHC
(K Mt
D of 0.45 ± 0.07 µM Mt for KIF3A-GFP and 11 ± 0.3 µM Mt for KHC-GFP; Figure A-2b).
To rule out the possibility that this high affinity for KIF3A resulted from both heads binding to
the microtubule in ADP due to its longer neck linker domain, the experiment was repeated with
KIF3A12, which was previously shown to be a non-processive motor due to its shortened neck
linker (Shastry and Hancock, 2011). K Mt
D for KIF3A12 was 0.61 ± 0.07 µM Mt (data not shown),
indicating that this affinity was a property of the motor domains alone.
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(a) ADP-mADP competition

(b) Slow mADP off-rate

(c) KIF3A17-GFP gliding assay

(c) KIF3A14-GFP gliding assay

Run length
at 100 μM mATP

(e) KIF3A17 half-site

ATP

(3)

mD

kon
φ

(4)

ATP

koff

(f) KIF3A14 half-site

ATP/HS

T

mD

ATP

kmax

(6)

DP

φ

(3)

mD

kon
φ

(4)

ATP

koff

ATP/HS

T

mD

kmax

(6)

DP

φ

Figure A-3: KIF3A binds mADP more strongly than unlabeled ADP. (a) Competition
experiment to determine relative affinities of ADP and mADP. Relative steady-state fluorescence
is plotted for different concentrations of ADP added to a solution of 0.4 µM dimeric KIF3A17
plus 2 µM Mt and 2 µM mADP. A fit to the Morrison Quadratic curve (Methods) gave IC50 of
25.4 ± 1.1 µM ADP, suggesting a 13-fold higher affinity of KIF3A for mADP than unlabeled
ADP. Data are mean ± SD from 3 independent determinations at each [ADP]. (b) mADP off-rate
determination. 0.5 µM KIF3A17 in 0.5 µM mADP was flushed against 1 mM ADP and the fall in
fluorescence (n = 5) resulting from mADP unbinding fit by a biexponential having a dominant
slow rate constant of 0.0019 ± 0.000015 s-1, which is interpreted as the mADP dissociation rate.
The faster component with rate 0.011 ± 0.0002 s-1 and relative amplitude of ~0.25 was attributed
to mant-isomerization, which was characterized previously to be 0.01 – 0.04 s-1 (Cheng et al.,
1998). Inset: Unlabeled ADP off-rate, determined by flushing 0.5 µM KIF3A17 plus 0.5 µM ADP
against 10 µM mADP and monitoring the fluorescence increase due to mADP binding (rate
limited by ADP dissociation). Fitting a single exponential gave a rate constant 0.028 ± 0.000048
s-1 for ADP dissociation (n = 5). (c) Gliding assays (total 374 events) of KIF3A17-GFP in varying
-1
mATP
[mATP] giving kmATP
= 2.3 ± 0.3 µM. (d) Gliding assays (total 155
step = 17.0 ± 0.8 s and KM
-1
mATP
events) of KIF3A14-GFP in varying [mATP] giving kmATP
= 2.3 ± 0.2
step = 13.4 ± 0.4 s and KM
µM. Velocities in unlabeled ATP were 47 s-1 for KIF3A-GFP and 43 s-1 for KIF3A14-GFP (data
not shown). (e) Half-site nucleotide release experiment for KIF3A17, determined by flushing 0.1
µM motor with 2 µM Mt against varying [ATP]. From a fit to the data, kATP/HS
= 21 ± 0.7 s-1 and
max
ATP/HS
K0.5
= 5 ± 0.3 µM ATP. Data are mean ± standard error from exponential fits to averaged
transients (n = 5-6) at each [ATP]. (f) Half-site nucleotide release experiment for KIF3A14,
determined by flushing 0.1 µM motor with 2 µM Mt against varying [ATP]. The fit result gives
kATP/HS
= 20 ± 0.2 s-1 and KATP/HS
= 8 ± 0.2 µM ATP. Data are mean ± standard error from
max
0.5
exponential fit of averaged transients (n = 5-6) at each [ATP].
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This high microtubule affinity of KIF3A17 in ADP contrasts with previous singlemolecule run length measurements that found that KIF3A17 is four-fold less processive than KHC
(Shastry and Hancock, 2010). There are two possible resolutions to this paradox: i) KIF3A
detaches in a different nucleotide state than kinesin-1, or ii) KIF3A spends a larger fraction of its
hydrolysis cycle in the weak-binding state. To test the first hypothesis, we carried out Mt
pelleting assays in different nucleotides. In both AMPPNP, which mimics the ATP-bound state,
and the absence of nucleotide, KIF3A bound tightly to microtubules (Figure A-2c), consistent
with previous results from kinesin-1. In ATP, the K Mt
D was 0.62 ± 0.08 µM Mt, confirming the
ATPase results (Figure A-2d). Thus, we conclude that during its normal hydrolysis cycle KIF3A
does not detach from these high affinity states (states 3, 4, 6, and 7 in Figure A-1). The finding
Mt
Mt
that the K Mt
D for Mt in ADP matches both the K 0.5 and K D in ATP implies that KIF3A spends a

large fraction of its hydrolysis cycle in a weak-binding state (state 5 in Figure A-1).
To better understand the high Mt affinity of KIF3A in the ADP state, we directly
measured the microtubule binding and unbinding rates using stopped flow and single-molecule
fluorescence experiments, respectively. At low microtubule concentrations, release of mADP
from the motor is limited by microtubule binding. Thus, to measure the on-rate for microtubule
binding, motors loaded with mADP were flushed against varying concentrations of microtubules
and the bimolecular on-rate was obtained by fitting the slope (Figure A-2e). The linear
relationship demonstrates the pseudo-first-order [Mt] binding step, with k bind = 3.1 ± 0.1 µM Mt-1
s-1. To measure the microtubule unbinding rate, single-molecule TIRF experiments were used to
measure the distribution of dwell times of KIF3A-GFP motors binding to surface-immobilized
microtubules in varying concentrations of ADP (Figure A-2f). At saturating ADP, the motor
Mt
unbinding rate was k unbind = 2.1 ± 0.2 s-1, giving an estimate for the K Mt
D (where K D =

k unbind /k bind ) of 0.68 µM. This K Mt
D calculated from stopped-flow and single-molecule
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measurements matches the K Mt
D from pelleting assays in ADP (0.45 µM; Figure A-2b),
confirming this relatively high microtubule affinity of KIF3A in ADP.
The k cat of 42 s-1 from the ATPase measurement in Figure A-2a (which also agrees with
the gliding velocity of 47 s-1 in Figure A-9l) sets a lower limit for rear head detachment rate
during stepping. The 2.1 s-1 unstrained motor unbinding rate in ADP (Figure A-2f) is 20-fold
slower than this. Thus, rear head gating – detachment of the rear head is accelerated by binding of
the leading head in the two-head-bound state – is present in the KIF3A hydrolysis cycle. The next
series of experiments were designed to assess front head gating, starting with characterization of
mant-nucleotides as substrates for dimeric KIF3A, and progressing to measurements of
nucleotide exchange kinetics under different conditions.

A.3.3 Mant-nucleotides are competent substrates for KIF3A and bind more tightly than
unlabeled nucleotide.
Mant-ATP has been shown to be a suitable analog of ATP for a number of kinesins, and
is widely employed in stopped-flow studies due to its fluorescence enhancement upon motor
binding (Cheng et al., 1998; Gilbert and Johnson, 1994; Ma and Taylor, 1995; Rosenfeld et al.,
2005). However, other enzymes including myosin, have been shown to have higher affinity for
mant-nucleotides than unlabeled nucleotides, which has been attributed to stabilizing
hydrophobic interactions between the mant-moiety and residues in the nucleotide binding pocket
(Divita et al., 1993; Uyeda et al., 1997; Vertommen et al., 1996; Woodward et al., 1991). To
compare the affinity of KIF3A for mADP versus unlabeled ADP, we carried out mADP-ADP
competition assays to quantify the ratio of equilibrium constants K mADP
/K ADP
(Figure A-3a).
D
D
The IC50 was obtained by titrating ADP against KIF3A incubated in mADP and measuring the
change in fluorescence due to mADP unbinding. The IC50 was measured to be 25.4 ± 1.1 µM
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ADP in the presence of 2 µM mADP, suggesting a 13-fold difference in nucleotide affinities (see
Methods).
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Figure A-4: mADP exchange rates in the unstrained Mt-bound head of KIF3A. (a)
Microtubule-stimulated mADP release. KIF3A17 incubated in mADP was flushed against varying
[Mt] with 500 µM ADP added to prevent mADP rebinding. Averaged transients (n = 5-6) were fit
with a bi-exponential, and the fast rate constant plotted as a function of [Mt]. From the hyperbolic
fit (see Methods), the maximum mADP off-rate was kmADP
= 26 ± 2.3 s-1 and KMt
off
0.5 = 6 ± 1 µM
-1
Mt. A slower process (maximum ~ 2 s ) with smaller amplitude (< 1/6) also displayed [Mt]
dependence, consistent with it resulting from motor dissociation and reassociation kinetics in
ADP. (b) mADP exchange rates for the motor-Mt complex. 0.1 µM KIF3A17 with 2 µM Mt were
flushed against varying concentrations of mADP and the rise in fluorescence monitored.
Observed rates at low [mADP] were fit to the equation kobs =kmADP
mADP +kmADP
, giving
on
off
mADP
mADP
-1 -1
-1
kon
= 18 ± 1.3 µM mADP s and koff = 27 ± 1.3 s . Inset: Raw traces at varying [mADP]
(average of n = 15-17 per [mADP]) and fits. (c) Single-molecule dwell times of KIF3A17-GFP on
microtubules at varying [mADP]. A fit to the data (see Methods) gave kunbind = 1.44 ± 0.09 s-1
and KmADP
= kmADP
/kmADP
= 1.8 ± 0.2 µM mADP (n > 67 events for each [mADP]). Error bars
D
off
on
are standard error of the fit. Inset: Dwell time distribution at 16 µM mADP (n = 114). (d)
Sequential release experiment. 0.1 µM KIF3A17 in mADP was flushed against varying [Mt] with
500 µM ATP, resulting in sequential release of both bound mADP. Solid squares represent single
exponential fits to experimental data (average of n = 5-6 traces per [Mt]). Open circles represent
theoretical predictions based on parameter values taken from the kMt
on experiment in Figure A-4a
and the half-site experiment in Figure A-3c. The match between theory and experiment confirms
that the bound mADP are released sequentially upon interaction with the microtubule.
Next, we measured the kinetics of ADP dissociation from KIF3A in the absence of
microtubules. The mADP off-rate, obtained by adding a saturating concentration of unlabeled
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ADP to a solution of motors incubated in mADP and monitoring the fall in fluorescence, was
0.0019 ± 0.000015 s-1 (Figure A-3b). A second process with a faster rate constant (~0.011 s-1)
and smaller amplitude (approximately 20% of the total signal drop) was attributed to mantisomerization, which has been characterized as ~ 0.01 s-1 in previous studies (Cheng et al., 1998).
In contrast the off-rate of unlabeled ADP, obtained by adding mADP to motors incubated in
unlabeled ADP, was 0.028 ± 0.000048 s-1 (Figure A-3b, inset). The 15-fold difference in offrates suggests that the mant-moiety contributes stabilizing interactions between the nucleotide
and the nucleotide-binding pocket. For KHC, solution off-rates were 0.033 s-1 and 0.022 s-1 for
ADP and mADP, respectively (data not shown), confirming that the slow mADP off-rate for
KIF3A was not the result of contaminants in the mADP stock. The agreement between the ratio
of off-rates and the ratio of equilibrium constants for KIF3A suggests that on-rates for unlabeled
ADP and mADP binding to KIF3A are similar.
To confirm that mATP is a competent substrate for KIF3A, microtubule gliding assays
were carried out for KIF3A17-GFP and KIF3A14-GFP at varying concentrations of mATP (Figure
-1
A-3c and d). Fitting the velocity data gave an overall stepping rate k mATP
step of 17.0 ± 0.8 s for

KIF3A17, which is three-fold slower than the 47 ± 5 s-1 measured in unlabeled ATP (Figure A9l). This slowed speed in mATP is consistent with the high mADP affinity measured above, and
suggests that when mATP is the substrate, mADP release is the rate-limiting step in the
hydrolysis cycle. The low K mATP
of 2.3 ± 0.3 µM for KIF3A17 is also consistent with this high
M
mADP affinity. The gliding speed of KIF3A14 was slightly slower than KIF3A17 (Figure A-3d),
consistent with previous single-molecule velocities (Shastry and Hancock, 2010). To confirm
processivity, run lengths were measured using a single-molecule TIRF assay at 100 µM mATP
(Figure A-3c, inset). The mean run length was 300 ± 20 nm, and the mean dwell time (not
shown) was 1.7 ± 0.3 seconds, confirming that motor processivity is retained in mATP.
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To test the hypothesis that the slower gliding speeds in mATP resulted from mADP
release being rate limiting, we carried out half-site release experiments to measure the mADP
release rate during KIF3A stepping, as follows. Motors incubated in mADP were combined with
microtubules to generate a one-head bound state (state 3 in Figure A-1). These complexes were
mixed against varying concentrations of ATP in a stopped flow spectrometer, and the fall in
fluorescence due to mADP release monitored (Figure A-3e and f). At low [ATP], the rate is
expected to be proportional to the nucleotide concentration, while at saturating ATP the rate will
ATP/HS

be limited by mADP release. The maximal release rate, k max

was 21 ± 0.7 s-1 and 20 ± 0.2 s-1

for KIF3A17 and KIF3A14, respectively, and the ATP concentrations for half-maximal rate
ATP/HS

K 0.5

were 5 ± 0.3 µM ATP and 8 ± 0.2 µM ATP for KIF3A17 and KIF3A14, respectively. The

agreement between the mADP release rate and the stepping rate from gliding assays indicates that
mADP release is the rate-limiting step. It should be noted that the off-rate of unlabeled ADP was
15-fold faster than mADP (Figure A-3b), while the stepping rate in unlabeled ATP was 3-fold
faster than in mATP (Figure A-3c and Figure A-9), indicating that under normal ATP
conditions, ADP release is not the rate-limiting step for KIF3A.

A.3.4 mADP exchange rates in unstrained KIF3A determined by four different assays
The next task towards characterizing the KIF3A hydrolysis cycle was to measure the
nucleotide exchange rate of the motor in both the one-head bound unstrained state (state 3 in
Figure A-1) and in the two-head-bound strained state (state 7 in Figure A-1). The key prediction
from the front-head gating model is that in the two-head-bound state, nucleotide exchange in the
front head will be slowed due to intramolecular strain. The unstrained exchange rate was
measured in four ways, which provides confirmation of the rates by independent methods and
enables the estimation of other rate constants in the hydrolysis cycle.
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Figure A-5: Front-head mADP exchange rates in the two-head bound state. (a) Comparison
of mADP release amplitudes in the presence and absence of AMPPNP. 0.035 µM dimeric motor
with stoichiometric bound mADP were flushed against 2 µM Mt alone (black, upper trace) or 2
µM Mt plus 2 mM AMPPNP (red, lower trace). Fluorescence traces were fit with a biexponential, giving a total amplitude of 0.104 in the absence of AMPPNP and 0.269 in the
presence of AMPPNP, consistent with a loss of one mADP upon Mt binding and loss of a second
mADP upon AMPPNP binding and motor stepping. The amplitude from microtubules alone is
less than half due to residual binding of mADP to the motor-bound head (KmADP
estimated at 1.5
D
µM from Figure A-4b) (b) Half-site nucleotide release triggered by AMPPNP. 0.05 µM motor
with 2 µM Mt in mADP were flushed against varying [AMPPNP] and the fluorescence fall
resulting from stepping and release of the bound mADP monitored. From the fit, kAMPPNP/HS
=
max
-1
AMPPNP/HS
5.9 ± 0.5 s and K0.5
= 340 ± 58 µM AMPPNP, n = 5-6. Inset: Amplitude of mADP
release. (c) Delayed startup in Mt gliding assay. Microtubule gliding over a KIF3A17functionalized surface in 1 mM ATP was arrested by introduction of 1 mM AMPPNP. At t = 0,
AMPPNP was washed out and replaced with 1 mM ATP with or without 1 mM ADP, and the
resumption of movement, quantified as the fraction of immobilized microtubules, is plotted. (d)
Nucleotide-stimulated release of mAMPPNP from a KIF3A-Mt-mAMPPNP complex. A solution
of 0.1 µM KIF3A17, 2 µM Mt and 33 µM mAMPPNP was pre-incubated to generate a two-headbound complex, and this solution flushed against 1 mM ATP (black) or 1 mM ADP (red) to
release the bound mAMPPNP. The fluorescence fall was fit to a biexponential with a slow rate of
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0.000783 ± 0.000012 s-1 and 0.000722 ± 0.0000096 s-1 for release by ADP and ATP, respectively.
The slow rates accounted for 98% and 97% of the amplitude, respectively, with a second process
at approximately 0.2 s-1 accounting for the residual amplitude. The slow fluorescence fall is
consistent with the trapped AMPPNP in the delayed startup results. (e) mADP exchange rate in
the front head of a two-head bound motor. A complex of 0.1 µM KIF3A17, 2 µM Mt and 200 µM
AMPPNP was flushed against varying concentrations of mADP. A reversible binding model gave
-1
kmADP
= 19 ± 3 µM mADP-1 s-1 and kmADP
on
off, FH = 25 ± 3 s , similar to the unstrained exchange rates
in Figure A-4b. This similarity in rates suggests that when both heads are bound to the
microtubule, intramolecular tension does not alter the kinetics of nucleotide binding to the front
head. Inset: Raw fluorescence traces (average of n = 15-17 at each [mADP]) and fits.
In the first approach, termed k Mt
on (Figure A-4a), mADP-loaded motors were flushed
against varying concentrations of microtubules in the presence of saturating ADP. Binding to the
microtubule triggers mADP release resulting in a fluorescence drop, and the excess ADP prevents
any rebinding of mADP. The hyperbolic plot in Figure A-4a shows the transition of the ratedetermining step from microtubule binding at low [Mt] to mADP release at saturating [Mt]. The
plateau value indicates that the strain-free mADP release rate is 26 ± 2.3 s-1, which is close to the
21 s-1 mADP release rate from the half-site experiments in Figure A-3c. The second approach
was a nucleotide exchange assay, as follows. Motors in unlabeled ADP were incubated with
microtubules and flushed against varying [mADP], resulting in a rise in fluorescence due to
reversible mADP binding to the microtubule-bound head. The fitted first-order rate constants,
which represent the sum of the forward and reverse mADP binding rates, were analyzed by linear
regression (Figure A-4b). The slope, representing the mADP on-rate k mADP
, was 18 ± 1.3 µM
on
mADP-1 s-1, and the y-intercept, representing the mADP off-rate k mADP
, was 27 ± 1.3 s-1. This
off
off-rate is in line with that obtained in the k Mt
on experiments above.
The third experiment was to use a single-molecule TIRF assay to measure the mADP
dependence of the KIF3A17-GFP microtubule dissociation rate. Dissociation is expected to be
very slow in the absence of nucleotide and rise to an observable rate at saturating mADP
concentrations, with the mADP affinity of the microtubule-bound motor determining where the
transition occurs. Dwell time histograms were fit by exponential distributions to obtain
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microtubule unbinding rates (Figure A-4c, inset), and the off-rates as a function of mADP
concentration were fit by a hyperbola, giving a maximal off-rate k unbind = 1.44 ± 0.09 s-1 and an
apparent K mADP
= 1.8 ± 0.2 µM mADP.
D
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Figure A-6: Strained and unstrained mATP exchange rates in KIF3A. (a) Kinetics of mATP
exchange in an unstrained head. A complex of 0.1 µM KIF3A17 and 2 µM Mt were flushed
against varying concentrations of mATP and the rise in fluorescence due to mATP binding was
monitored. Data were fit by a reversible binding model with kmATP
= 18 ± 2 µM mATP-1 s-1.
on
Inset: Raw traces (average of n = 13-16 per [mATP]) with fits. (b) mATP exchange rate in the
front head of a two-head-bound motor. A complex of 0.2 µM KIF3A17, 4 µM Mt and 200 µM
AMPPNP was pre-incubated and flushed against varying concentrations of mATP, similar to
mATP
-1 -1
Figure A-5e. The mATP exchange rates were kmATP
on, FH = 15 ± 1 µM mATP s and koff, FH = 36 ±
2 s-1, similar to those for mADP (Figure A-5e). Inset: Raw traces (average of n = 13-16 at each
[mATP]) with fits.
The fourth and final method to measure the unstrained mADP exchange rate was a
sequential release experiment, in which mADP-loaded motors were flushed against varying
concentrations of microtubules in the presence of ATP. In this configuration, the first mADP
release is determined by microtubule binding, while the second mADP release is determined by
the subsequent binding of ATP and stepping of the motor (Figure A-4d). Thus, the experiment
consists of a k Mt
on experiment (Figure A-4a) followed by a half-site experiment (Figure A-3e),
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and serves as a check of consistency. At sufficiently high ATP concentrations, where ATP
binding and stepping is considerably faster than the initial microtubule-binding step, the transient
could be fit by a single-exponential. A kinetic model of the sequential release process was
formulated using rate constants determined from the previous k Mt
on and half-site experiments (see
Methods). Results from the analytical solution agreed very well with the experiments (Figure A4d), providing a redundant confirmation of these parameters and supporting the contention that
the two mADP are released sequentially following microtubule binding.
(a) KIF3A14-Mt mADP exchange (b) KIF3A14 AMPPNP half-site
AMPPNP

mADP

(3)

mD

kon

φ

mADP

koff

(2)

mD
mD

(c) KIF3A14 delayed startup

(3)

mD

kon

φ

AMPPNP/HS

mD

(4)

AMPPNP

koff

kmax

(6)

PNP

PNP

φ

(d) Front-head mADP exchange
mADP

kon,FH
(6)

PNP

φ

mADP

koff,FH

(5)

PNP

mD

Figure A-7: Effect of shortening neck linker on strained and unstrained mADP exchange
rates. Experiments were repeated for KIF3A14 which has its neck linker shortened to match that
of kinesin-1. (a) KIF3A14–Mt (0.1 µM motor with 2 µM Mt) complex was flushed against varying
concentrations of mADP and the fluorescence rise fit to an exponential with rate constant kobs .
Fitting a line to kobs resulted in kmADP
= 15 ± 1 µM mADP-1 s-1 and kmADP
= 29 ± 2 s-1, which are
on
off
similar to corresponding rates for KIF3A17 in Figure A-4b. Inset: raw traces at varying [mADP]
(average of n = 15-17 per [mADP]) and fits. (b) AMPPNP half-site experiment for KIF3A14. 0.05
µM motor, 2 µM Mt with stoichiometric mADP was flushed against varying [AMPPNP]. Results
of fit were kAMPPNP/HS
= 6.4 ± 0.4 s-1 and KAMPPNP/HS
= 278 ± 44 µM AMPPNP (n = 5-6). (c)
max
0.5
Delayed startup in KIF3A14 gliding assay indicates similar trapping of AMPPNP as in KIF3A17 (n
= 69 Mt). (d) Front-head mADP exchange. A complex consisting of 0.2 µM KIF3A14, 2 µM Mt
and 200 µM AMPPNP was pre-incubated and flushed against varying [mADP]. Singleexponentials were fit to the fluorescence rise, and the resulting exchange rate fit by a line,
mADP
-1 -1
resulting in kmADP
= 27 ± 1 s-1. Inset: raw traces (average of n
on, FH = 11 ± 1 µM mADP s and  koff
= 15-17 at each [mADP]) with fits.
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A.3.5 mADP exchange rates in KIF3A17 are not modulated by intramolecular strain.
To investigate the influence of intramolecular strain on nucleotide binding, we used the
non-hydrolysable ATP analog, AMPPNP, to trap the motors in the two-head bound state
(mimicking state 7 in Figure A-1), and flushed this complex against varying concentrations of
mADP. This experiment, which interrogates rates of mADP binding to the leading head, was used
previously to convincingly argue that front-head gating plays a role in kinesin-1 processivity
(Rosenfeld et al., 2003), and it is the most direct test of the front-head gating hypothesis. The first
control experiment was to confirm that AMPPNP locks KIF3A in a two-head-bound state. Motors
with bound mADP were flushed against microtubules in the presence and absence of AMPPNP
(Figure A-5a). The amplitude in the presence of AMPPNP was approximately double that of
microtubules alone, consistent with microtubule binding triggering release of one mADP, and the
subsequent binding of AMPPNP triggering stepping and release of the second mADP. Next, a
half-site release experiment was carried out similar to the experiment in Figure A-3e. A solution
of motors, microtubules, and mADP was flushed against varying concentrations of AMPPNP. As
seen previously for kinesin-1 (Ma and Taylor, 1997a) AMPPNP binding resulted in a
fluorescence fall, consistent with nucleotide binding causing neck linker docking followed by
microtubule binding and mADP release by the tethered head (Figure A-5b). The extrapolated
AMPPNP/HS

maximal mADP release rate was k max

= 5.9 ± 0.5 s-1, which is considerably slower than

the equivalent rate of 21 ± 0.7 with ATP (Figure A-3c). As explained further in the Discussion,
this slow rate supports a model for the hydrolysis cycle in which ATP hydrolysis normally
precedes binding of the tethered head to the next binding site (i.e. State 5 in Figure A-1), but
allows for a slow transition from State 4 to State 6 if hydrolysis is blocked (not shown in Figure
AMPPNP/HS

A-1 for clarity). The nucleotide concentration required for half-maximal release, K 0.5

ATP/HS

340 ± 58 µM AMPPNP) was considerably higher than the equivalent value in ATP (K 0.5

=

=5
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µM; Figure A-3e), consistent with the motor having a low affinity for AMPPNP. This
discrepancy was also observed for kinesin-1 (Ma and Taylor, 1997b), and the low affinity was
supported by control experiments that measured the affinity of KIF3A for AMPPNP in solution
to be nearly two orders of magnitude lower than the affinity for ADP (data not shown).
This AMPPNP half-site experiment supports a model in which AMPPNP binding to the
bound head results in tethered head binding to the microtubule and releasing its nucleotide,
resulting in a two-head-bound state with an empty front head.
After confirming that AMPPNP binding causes KIF3A to transition into a two-headbound state, we examined the rate that the motor exits from this AMPPNP-trapped state using a
delayed startup experiment as previously carried out for kinesin-1 (Schnapp et al., 1990). The
delayed startup experiment utilizes the microtubule gliding assay with the following three steps:
i) microtubules are introduced in the presence of ATP, resulting in microtubules landing and
gliding over the motor-coated surface, ii) AMPPNP is introduced, which results in an arrest of
gliding and microtubules binding strongly to the surface, iii) AMPPNP is washed out and ATP is
washed into the flow cell and the resumption of microtubule gliding is monitored. Results in
Figure A-5c show that, following removal of AMPPNP and addition of ATP, microtubule
gliding is delayed for more than 200 seconds, consistent with motors remaining trapped in the
two-head-bound state with AMPPNP in the rear head. This result is consistent to that seen
previously with kinesin-1 (Schnapp et al., 1990) and demonstrates the robustness of the trapped
two-head-bound state. If the front head were to release from the microtubule, then, based on the
AMPPNP/HS

high K 0.5

of the AMPPNP half-site experiment in Figure A-5b, the AMPPNP would be

expected to readily dissociate.
To confirm that AMPPNP remains trapped in this two-head-bound state, we carried out a
rear-head mAMPPNP exchange assay, as follows. Motors and microtubules were incubated with
mAMPPNP to drive motors into a two-head-bound state, this complex was flushed against a
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saturating concentration of ATP or ADP, and the fluorescence fall resulting from mAMPPNP
release was monitored (Figure A-5d). Both traces showed a slow fluorescence fall having a time
constant longer than 1000 s, consistent with the mAMPPNP remaining stably trapped in the twohead-bound complex. In summary, these control experiments establish that AMPPNP binding
causes the motor to enter a stable two-head-bound state with an empty front head, a necessary
prerequisite for observing the kinetics of nucleotide exchange in the front head.
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Figure A-8: mATP exchange kinetics in KIF3A14. (a) Kinetics of mATP exchange in
unstrained head of KIF3A14. A complex of 0.2 µM KIF3A14 and 2 µM Mt was flushed against
varying concentrations of mATP and the rise in fluorescence due to mATP binding was
monitored. Data were fit by a reversible binding model with kmATP
= 19 ± 1.3 µM mATP-1 s-1.
on
Inset: raw traces (average of n = 13-17 per [mATP]) with fits. (b) mATP exchange rate in the
front head of two-head-bound KIF3A14 motor. A complex of 0.2 µM KIF3A14, 2 µM Mt and 200
µM AMPPNP was pre-incubated and flushed against varying concentrations of mATP, similar to
-1 -1
Figure A-6b. The mATP exchange rates from the linear fit were kmATP
on, FH = 11 ± 1 µM mATP s
-1
and kmATP
off, FH = 40 ± 1 s . Inset: raw traces (average of n = 13-17 at each [mATP]) with fits.
To determine the mADP exchange rate in this strained state, motors were incubated with
microtubules and AMPPNP, this solution was flushed against varying concentrations of mADP,
and the rise in fluorescence resulting from mADP binding was monitored (Figure A-5e). Similar
to the unstrained exchange experiment shown in Figure A-4b, a linear fit to the data yields both
-1
the on- and off-rates. From Figure A-5e, the mADP off-rate, k mADP
off,  FH was 25 ± 3 s , and the on-
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-1 -1
rate, k mADP
on,  FH was 19 ± 3 µM mADP s . These rates are very similar to the unstrained rates of 27

s-1 and 18 µM mADP-1 s-1, respectively, from Figure A-4b. Hence, these data provide direct
evidence that the on- and off-rates of mADP binding to KIF3A are not influenced by
intramolecular strain and argue that front head gating does not play a role in kinesin-2
mechanochemistry.

A.3.6 The mATP on-rate is also not modulated by inter-head tension in KIF3A
While mADP exchange rates argue against front-head gating in KIF3A, the normal
hydrolysis cycle involves binding of ATP and not ADP. Hence, we repeated the exchange
experiments using mATP. As seen in Figure A-6a, in the unstrained case k mATP
for KIF3A17 was
on
-1
18 ± 2 µM mATP-1 s-1, and the apparent off-rate k mATP
off,  app was 31 ± 3 s . One complexity of this

off-rate measurement is that instead of nucleotide dissociation, mATP can also lead to motor
stepping (Figure A-6a, inset). As described below, simulations were carried out for the entire
hydrolysis cycle of KIF3A, and taking the competing pathways into account the true unstrained
mATP off-rate was estimated at 26 s-1 (Table A-2).
When AMPPNP was used to trap the motor in the two-head-bound state, the mATP
-1 -1
-1
mATP
exchange rates were k mATP
on,  FH = 15 ± 1 µM mATP s and k off,  FH = 36 ± 2 s (Figure A-6b),

similar to the equivalent mADP exchange rates (Figure A-5e). Thus, the mATP results support
the contention that front-head gating is not present in KIF3A.

A.3.7 Shortening the neck linker does not substantially alter nucleotide exchange rates
We next asked the question: does the lack of front-head gating in KIF3A result from its
longer neck linker compared to kinesin-1? If front-head gating in kinesin-1 results from rearward
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strain on the front head, then extending the neck linker that connects the two heads could partially
relieve this strain. To test this hypothesis, we repeated the strained and unstrained nucleotide
binding experiments using KIF3A14, which has a shorter neck linker. If the magnitude of interhead strain is the key determinant of front-head gating, then the nucleotide on-rate for KIF3A14
should be slower and/or the off-rate faster than for KIF3A17. As expected, the unstrained mADP
exchange rates for KIF3A14 (k mADP
= 15 ± 1 µM mADP-1 s-1, k mADP
= 29 ± 2 s-1) were similar to
on
off
KIF3A17 (Figure A-7a). The same control experiments for the AMPPNP-trapped state were then
carried out, and the KIF3A14 results were shown to be comparable to KIF3A17 (Figure A-7b and
c). Finally, the exchange rates for KIF3A14 in the two-head-bound state were measured and found
-1 -1
mADP
to be k mADP
= 27 ± 1 s-1 (Figure A-7d), similar to the
on,  FH = 11 ± 1 µM mADP s and k off

equivalent rates for KIF3A17. These mADP results confirm that the lack of front-head gating seen
for KIF3A17 is not due to its longer neck linker and resultant decrease in inter-head tension.
As a final step, we measured the strained and unstrained mATP exchange rates for
KIF3A14 (Figure A-8a and b). From the slopes, the mATP on-rates were 19 ± 1.3 µM mATP-1 s1

and 11 ± 1 µM mATP-1 s-1 for the unstrained and strained cases, respectively. Thus, for KIF3A14

in the strained state, the apparent mATP on-rate is two-fold slower. This result suggests that when
inter-head strain is enhanced by shortening the neck linker, minimal front-head gating may be
present in the kinesin-2 hydrolysis cycle. However, as expanded upon in the Discussion, this
conclusion is tempered by the fact that assessment of mATP binding rates is complicated by the
competing reactions of hydrolysis and motor stepping, as well as the fact that for mADP there
were no substantial differences between the strained and unstrained exchange rates for KIF3A14
(Figure A-7a and b).
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Figure A-9: Confirmation of the KIF3A hydrolysis cycle model. Using the hydrolysis model
shown in Figure A-1 and the rate constants in Table A-2, motor stepping simulations were run as
described previously (35). (a) Distribution of run lengths from 1000 simulated runs at 1 mM
ATP. A mono-exponential fit to the distribution yielded a mean run length of 470 ± 9 nm,
matching previous single-molecule results (19). (b) Distribution of single-molecule velocities,
with mean ± SD of 317 ± 32 nm/s from a Gaussian fit. (c) Distribution of step durations. Data
were fit to a gamma distribution with a shape parameter of 3.14 ± 0.04, and the randomness
parameter was calculated to be 0.34 (15, 34). (d-k) Simulations of all stopped-flow kinetics
experiments for KIF3A17, showing self-consistency between experiments and simulations.
Circles: experimental results. Solid curve: least-squares fit to experimental data. Dashed curve:
simulation results. (l) Gliding assays in 0.5 mM ATP and varying ADP concentrations (mean ±
SD for n = 41-42 microtubules at each [ADP]; gliding speeds are shown in steps/s by dividing by
8 nm/step) showing agreement of experimental results with predictions from simulations.
MATLAB code used for all simulations is included as Supplementary Materials.

A.3.8 Solving the entire KIF3A hydrolysis cycle
Using all of the measured rate constants and the scheme in Figure A-1, we developed a
complete model of the KIF3A hydrolysis cycle for both mATP and unlabeled ATP. The mant-
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moiety was assumed to not alter the rate of hydrolysis or the microtubule binding and unbinding
rate of the motor. Three unspecified parameters, the rate of front head attachment (k attach ), the
rate of rear head detachment (k detach ), and the rate of ATP hydrolysis (k hyd ) were estimated from
the measured parameters and the overall cycle rate, as described in Table A-2. The off-rate of
mADP from KIF3A in solution was 15-fold slower than the unlabeled ADP off-rate (Figure A3b), and the ratio of affinities was similar (Figure A-3a). Thus, the on-rates for unlabeled ADP
and ATP binding in Table A-2 were taken directly from the measured mant-nucleotide on-rates,
and unlabeled ADP and ATP off-rates were estimated as 15-fold slower than the corresponding
mADP and mATP off-rates.
The first test of the model was to determine whether it could recapitulate single-molecule
motility behavior of KIF3A. A Monte Carlo simulation (described in Methods; code available as
Supplementary Materials) was carried out using the framework of Figure A-1 and the parameters
from Table A-2. As seen in Figure A-9a to c, run length and motor velocity matched previous
measurements (Muthukrishnan et al., 2009). Next, simulations were carried out to confirm the
self-consistency of the model with the experimental results. To do this, the sequence of transitions
interrogated by each stopped-flow experiment was modeled and the rates compared to
experimental results (described in Methods; code available as Supplementary Materials). The
model was able to recapitulate the entire experimental dataset with reasonable accuracy (Figure
A-9d to k). This self-consistency provides further support for the framework of Figure A-1 and
the parameter values in Table A-2.
As a final test of the model, we simulated microtubule gliding assays at varying
nucleotide concentrations. In Table A-2, the binding kinetics of unlabeled ADP and ATP were
extrapolated from the mant-nucleotide values. Hence, simulating motor stepping at varying ATP
and ADP concentrations provides an independent test of the accuracy of these rate constants. In
0.5 mM ATP, the motor stepping rate as determined from the gliding speed was 47 ± 5 s-1,
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matching previous results from single-molecule experiments (Shastry and Hancock, 2010), and
when 0.5 mM and 2 mM ADP were added, the stepping rates fell to 27 ± 3 s-1 and 15 ± 2 s-1,
respectively (Figure A-9l). Results from model simulations using were in good agreement with
experiments, further supporting the validity of the model.

A.4 Discussion
The goal of this study was to characterize the entire chemomechanical cycle of the
kinesin-2 motor KIF3A and thereby determine the gating mechanisms that determine its
processivity. The kinesin-2 KIF3A/B differs from the canonical kinesin-1 in a number of ways.
Structurally, the wild-type motor is a heterodimer with a 17 residue neck linker compared to the
14 residue kinesin-1 neck linker domain (Hariharan and Hancock, 2009; Muthukrishnan et al.,
2009; Yamazaki et al., 1995). Functionally, the wild-type motor is less processive than kinesin-1
and it dissociates more readily under load (Andreasson and Block, 2013; Muthukrishnan et al.,
2009; Schroeder III et al., 2012; Shastry and Hancock, 2010). From the biochemical perspective,
however, little is known regarding differences between hydrolysis cycles of kinein-2 and kinesin1 that may explain their functional differences.
Mt
The first striking finding in this work was that, while K Mt
0.5 from the ATPase and K D from

pelleting assays in ATP were similar for kinesin-1 and KIF3A, KIF3A had a relatively high
microtubule affinity in ADP, and a Mt dissociation rate in ADP (2.1 s-1) that is 20-fold slower
than the stepping rate. It was shown previously that the kinesin-3, KIF1A/Unc104 has a high
microtubule affinity in the ADP state, which enables monomers to move processively under
certain conditions (Okada and Hirokawa, 1999) and is thought to contribute to the reported
“superprocessivity” of dimers (Soppina et al., 2014). This enhanced microtubule affinity was
shown to result from the ionic interaction between the positively charged loop 12 (K-loop) of the
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motor and the negatively charged C-terminus (E-hook) of β-tubulin (Okada and Hirokawa, 1999,
2000). Based on sequence alignments in loop 12 (Figure A-10), kinesin-2 has more positive
charge in the K-loop (net charge of +2) than kinesin-1 (+1), but less than kinesin-3 (+6). For
comparison, the K Mt
D of monomeric KIF1A in ADP was ~5 nM (in 50 mM imidazole plus 50 mM
K-acetate buffer (Okada and Hirokawa, 2000)), nearly 100-fold tighter than the 0.45 µM K Mt
D for
KIF3A and 2000-fold tighter than the 11 µM K Mt
D for kinesin-1 measured here. The fact that each
added positive charge in loop 12 was shown previously to contribute 0.25 k B T of binding energy
(Okada and Hirokawa, 2000), while the kinesin-1/kinesin-2 difference corresponds to 3.2 k B T for
one added charge and the kinesin-2/kinesin-3 difference corresponds to 4.5 k B T for four added
charges, suggests that loop-12 is not the sole determinant of the enhanced microtubule affinity of
kinesin-2 in ADP. Notably, the neck-coil region, which has been shown to modulate processivity
in some cases through electrostatic interactions with the microtubule (Romberg et al., 1998), is
identical for the kinesin-1 and kinesin-2 constructs used here. Hence, the binding affinity of
kinesin-2 in the weak binding state is intermediate between that of kinesin-1 and kinesin-3. If the
simplification can be made that kinesin-3 maintains processivity due to the high microtubule
affinity of its weak-binding state and kinesin-1 maintains processivity through tight coordination
between the hydrolysis cycles of the two heads, then kinesin-2 falls intermediate between these
two mechanisms.
Because kinesin-2 has a higher microtubule affinity in its weak-binding state, it might be
predicted to be more processive than kinesin-1. However, kinesin-2 was previously shown to be
four-fold less processive than kinesin-1 (Shastry and Hancock, 2011). One resolution to this
paradox is that kinesin-2 spends a much larger fraction of its hydrolysis cycle in weak-binding
state, providing a greater chance for dissociation. Previous work on kinesin-1 suggested that the
motor spends < 5% of its cycle in a one-head-bound weak-binding state in saturating ATP
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(Toprak et al., 2009). In contrast, the similarity in microtubule affinities in ATP and ADP (Figure
A-2b to d pelleting assays) suggests that KIF3A spends a large fraction of its ATPase cycle in the
weak-binding state, although the data do not provide rigorous constraints. In the KIF3A
hydrolysis cycle formulated in Figure A-1 and Table A-2, the motor spends 43% of its
hydrolysis cycle in the weak-binding state (state 5), but because of uncertainties in estimating
k attach this value is also not tightly constrained by the data. Further support comes from the
finding that KIF3A maintains processivity when mATP is used as the substrate (Figure A-3c,
inset). If the motor only spent a small fraction of its cycle in the low affinity state (state 5) and
dissociation from this state determined processivity, then making this the longest-lived state in the
hydrolysis cycle by slowing product release should strongly reduce processivity. This is not the
case – despite mADP release being the rate limiting step (15-fold slower than for unlabeled
ADP), the run length is not substantially reduced in mATP. Thus, the best resolution of the
paradoxical affinity and processivity measurements is to conclude that kinesin-2 spends a larger
fraction of its hydrolysis cycle in a weak-binding state, but that state has a higher microtubule
affinity than the corresponding state for kinesin-1.
Loop 12
Kinesin-2
Kinesin-1
Kinesin-3

MmKif3A
HsKif3A
DmKlp64D
HsKif3B
MmKif5A
DmKin1
MmKif1A

290
290
297
298
272
278
304

G-----------K
KSTH
STHVP
VPYRN
KSTH
STHVP
VPYRN
G-----------K
KSTH
STHIP
IPYRN
G-----------K
G-----------K
KSTH
STHIP
IPYRD
TKSY
SYVP
VPYRD
G-----------T
NKTH
THIP
IPYRD
G-----------N
MDSG
SGPNKNKKKKK
KKKKKTDFIP
FIPYRD
.. .:***:

Figure A-10: Comparison of loop 12 sequences. Multiple sequence alignment was carried out
using ClustralW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/). In loop 12, MmKIF1A has one
less negative charge than DmKHC, but neither has the K-loop insert of KIF1A.
The second striking finding of this study was that inter-head strain in KIF3A had no
effect on nucleotide binding kinetics. This result, summarized in Table A-1, contrasts with the
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widely accepted model for front head gating in kinesin-1 (Block, 2007; Guydosh and Block,
2006; Rosenfeld et al., 2003), and suggests that front-head gating plays no role in KIF3A
processivity. The lack of effect of strain on mADP exchange was shown in two ways. The onehead-bound mADP exchange experiment in Figure A-4b measured the unstrained rate, and both
the half-site experiment in Figure A-3e and the front head mADP exchange experiment in Figure
A-5e measured the strained rate and found similar kinetics. When the neck linker domain was
shortened from 17 to 14 residues in an effort to enhance inter-head strain in the two-head-bound
state, mADP exchange kinetics were similarly unchanged. The only evidence that inter-head
strain may inhibit nucleotide binding was for mATP binding to KIF3A14 where the unstrained onrate of 19 µM mATP-1s-1 was nearly two-fold faster than the strained on-rate of 11 µM mATP-1s-1
(Table A-1). However, because measurement of k mATP
is complicated by the competing ATP
on
hydrolysis and stepping pathways, precise determination is somewhat model dependent, and a
much smaller strain-dependence was seen for k mADP
. Furthermore, at standard conditions of 1
on
mM ATP, this change in k ATP
on corresponds to an increase in the ATP waiting state (state 7 in
Figure A-1) from 53 to 91 µsec, both of which are very fast relative to other rates in the
hydrolysis cycle.
Besides the mADP binding evidence in support of front head gating in kinesin-1
(Rosenfeld et al., 2003), strain-dependent nucleotide binding in kinesin-1 is also supported by
forced unbinding experiments at varying [ADP] (Uemura and Ishiwata, 2003), the slow startup
observed following AMPPNP or BeFx treatment (Guydosh and Block, 2006; Schnapp et al.,
1990), phosphate release kinetics of a mutant (Klumpp et al., 2004), and the finding from optical
tweezers experiments that the K ATP
M for motor velocity is load-dependent (Schnitzer et al., 2000;
Visscher et al., 1999). Interestingly, similar optical tweezers experiments on full-length KIF3A/B
heterodimer found K ATP
M at 0 pN and 4 pN loads to be similar, providing independent evidence
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that nucleotide binding is less load-dependent in kinesin-2 than in kinesin-1 (Andreasson and
Block, 2013).
Table A-1: Mant-nucleotide exchange rates under different conditions.
KIF3A17

mADP

mATP

State

1-HBa

2-HBb

1-HBa

2-HBb

kon (µM-1 s-1)

18

19

18

15

koff (s-1)

27

25

n.d.

36

KIF3A14

mADP

State

1-HBa

2-HBb

1-HBa

2-HBb

kon (µM-1 s-1)

15

11

19

11

koff (s-1)

29

27

n.d.

40

mATP

n.d. not determined
a. 1-HB is one-head bound state, obtained by mixing motors and microtubules
b. 2-HB is two-head bound state, obtained by mixing motors, microtubules and AMPPNP

Using the rate constants given in Table A-2 and the model structure shown in Figure A1, we formulated a complete model for the KIF3A chemomechanical cycle and used it to both test
internal consistency of our kinetics data and to make predictions. The model contains three rate
constants that are very difficult to directly measure and thus were constrained based on measured
rates. First, the attachment rate of the tethered head following ATP binding and hydrolysis
(k attach from state 5) was chosen as 117 s-1 based on the measured k unbind of 2.1 s-1 and the
previous finding that the motor takes 56 steps before detaching (Muthukrishnan et al., 2009).
Second, the trailing head detachment rate (k detach from state 7) was chosen as 89 s-1 based on the
difference between the half-site mADP release rate (which encompasses the entire cycle except
k detach ) and the overall cycle rate from the gliding assay. Third, the ATP hydrolysis rate was
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chosen to be fast relative to other steps at 478 s-1, as shown in Table A-2, but this value was not
tightly constrained (range of 47 to 967 s-1). Importantly, using these three inferred parameters and
all of the measured rate constants, the model recapitulated the overall stepping rate of 40 s-1 and
stepping data from stochastic simulations had a randomness of 0.34 due to the two rate-limiting
steps of front head attachment and rear head detachment (Figure A-9a to c), similar to that
measured for full length KIF3A/B in optical tweezers experiments (Andreasson and Block, 2013).
Furthermore, we were able to simulate all of the kinetics experiments and show that the model
agrees with the experimental data (Figure A-9d to k).
The hydrolysis model also enables a quantitative explanation of the roles of front- and
rear-head gating in determining motor processivity. Based on the measured nucleotide binding
rates and inferred rear-head detachment rate, during the normal KIF3A stepping cycle ATP binds
to the front head before the trailing head detaches (i.e. state 8 is preferred over state 3).
Importantly, the key to processivity is the race (from state 5) between detachment of the bound
head and attachment of the tethered head. Milic and colleagues recently showed tethered-head
binding occurs subsequent to ATP hydrolysis in kinesin-1 (Milic et al., 2014), which means that
whatever the states preceding it, the motor must pass through the susceptible one-head bound
(state 5). Thus, the key quantitative feature of rear-head gating is not the rate that the trailing head
detaches in the strained state (k attach ), but rather the rate of unbinding from the vulnerable onehead bound state (k unbind ). A corollary is that if unbinding from the weak-binding state is slow,
then front-head gating does not enhance processivity.
One unresolved question is: why is the AMPPNP-trapped two-head-bound state so long
lived? This minutes-long state was observed previously in gliding assays (Schnapp et al., 1990)
and in optical tweezers experiments that showed that resumption of walking resulted from the
motor back-stepping, presumably to release the bound inhibitor, and then resuming forward
stepping (Guydosh and Block, 2006). The fact that fresh ATP is required for the motor to exit the
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state shows that AMPPNP is trapped, and mAMPPNP exchange experiments (Figure A-5d)
support this. However the pathway that untraps the motor is not clear. One hypothesis is that due
to front-head gating, ATP binding to the front head is blocked and slow ATP binding is the
trigger, but this is ruled out for KIF3A by the strained ATP binding measurements (Figure A6b). A second hypothesis is that ATP can bind but hydrolysis is blocked, but this is ruled out by
the fact that adding ADP does not accelerate the startup (Figure A-5c and d). The hypothesis that
best accounts for the data is that detachment from the microtubule is highly directionally
dependent and that even when the front head is in the ADP-Pi or ADP state its detachment rate is
very long lived (~minutes). This hypothesis can be reconciled with forced-unbinding
measurements on kinesin-1 and kinesin-2 that only show a moderate directional dependence by
the fact that the forces imposed by the optical trap include a significant component normal to the
microtubule that accelerates detachment, and thus argues that the true rearward direction
experienced by the head in the two-head-bound state is not experimentally accessible
(Andreasson and Block, 2013; Uemura and Ishiwata, 2003).
The present work brings into question some of the conclusions from a recent biochemical
study by Albracht et al. that used similar methods to investigate the hydrolysis cycle of KIF3A/B
heterodimers (Albracht et al., 2014). Both studies used mouse KIF3, and we showed previously
that the motility characteristics of heterodimeric KIF3A/B and homodimeric KIF3A/A are similar
under unloaded conditions (Muthukrishnan et al., 2009). Hence, there is no evidence that
discrepancies between the two studies result from differences in the motor constructs employed.
As argued below, we contend that our results are in fact consistent with the experimental data of
Albracht et al., but we differ significantly on the interpretation of the results.
The first conclusion from the Albracht study was that ADP release at 12 s-1 is the ratelimiting step in the KIF3A/B hydrolysis cycle. This conclusion came from a sequential release
experiment – mADP-loaded motors are flushed against microtubules in the presence of saturating
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ATP, leading to a fall in fluorescence – that was very similar to our sequential release
experiments in Figure A-4d (which also yielded a rate of 12 s-1). Albrecht interpreted this rate as
the ADP off-rate from a single head. In contrast, we interpret this process as sequential nucleotide
release involving microtubule binding and mADP release from the first head (measured at 26 s-1
in the k Mt
on experiment in Figure A-4a) followed by rapid ATP binding and release of the second
mADP (measured at 21 s-1 by the half-site experiment in Figure A-3e). In Figure A-4d we used a
kinetic model to show that sequential release with these measured rates leads to the 12 s-1
measured experimentally. More importantly, we show in Figure A-3 that the affinity of KIF3
motors for mADP is 15-fold higher than the affinity for unlabeled nucleotide. Hence, we disagree
that for the normal ATP hydrolysis cycle, ADP release is rate limiting, and rather than the 12 s-1
-1
from Albracht et al., we model k ADP
off at 390 s (Table A-2) based on our work. This high affinity

for mant-nucleotides may also partly explain the high apparent ATP affinity (K d,  ATP = 6.1 µM
from mATP binding) that Albracht et al. were unable to reconcile with their measured ATP
dependence of ATPase and motor detachment (118 µM and 133 µM, respectively, using
unlabeled ATP).
The second discrepancy with the previous work was that Albracht et al. contend that ATP
hydrolysis is partially rate limiting at 33 s-1 for KIF3A/B, which contrasts with our modeled
hydrolysis at 478 s-1 (Table A-2). From acid quench experiments involving rapid mixing of ATP
with preformed KIF3A/B-Mt complex, Albracht et al. measured a burst of ATP hydrolysis at 33
s-1, with the key detail that the amplitude of the burst was 3 ATP per active site (or 6 ATP per
dimeric motor). Were the burst amplitude less than or equal to 1 ATP per motor dimer, the data
would be consistent with a burst of hydrolysis at 33 s-1, but the burst of 6 ATP per dimer suggests
that the experiment is actually measuring multiple steps by the motor and is, at best, only a lower
limit for the ATP hydrolysis rate. Our modeling constrains the ATP hydrolysis rate only weakly
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(between 47 s-1 and 967 s-1, Table A-2), but based on our interpretation, this is not inconsistent
with the Albracht et al. results.
Rate constantsfor
for the
kinesin-2
chemomechanical
Table A-2: Table
Rate2.constants
the
kinesin-2
KIF3A cycle.
chemomechanical cycle.
Transition Rate Constant Description
1-2

aa

2-1, 5-1aa
2-3aa
3-2aa
3-4aa
4-3aa

Source

k bind

bound-head Mt on-rate

k unbind

bound-head Mt off-rateaa

k
k

k
k

k
k

k
k

ADP
off
mADP
off
ADP
on
mADP
on
ATP
on
mATP
on
ATP
off
mATP
off

aa

bound-head ADP off-rate

4.6 ± 0.9aa

4.6aa

µM-1 s-1a

Figure 2f

2.1 ± 0.2aa

2.1aa

s-1a

390

a
a

s-1a

26aa

s-1a

Derived
aa

Experiment Simulation Units
b

Derived

a

a
bound-head mADP off-rateaa Figure 4b 27 ± 1.3 a

bound-head ADP on-rateaa

Deriveda

a
bound-head mADP on-rateaa Figure 4b 18 ± 1.3 a

bound-head ATP on-rateaa

Deriveda

n.d.

4-5aa

k hyd

hydrolysis rateaa

5-6aa

k attach

front-head attachment rateaa Derivedd

6-7aa
7-6aa
7-3, 8-4aa
7-8aa
8-7aa

k
k

k
k

ADP
off, FH
mADP
off, FH
ADP
on, FH
mADP
on, FH

k detach
k
k
k
k

ATP
on, FH
mATP
on, FH
ATP
off, FH
mATP
off, FH

Derivedc

front-head ADP off-rateaa
front-head mADP off-rate
front-head ADP on-rateaa
front-head mADP on-rate
aa

front-head mATP on-rateaa
front-head ATP off-rate

aa

front-head mATP off-rateaa

µM-1 s-1a

390

s-1a

26aa

s-1a
s-1a

117 ± 14a

117aa

s-1a

390aa

s-1a

a
a

a
a

89 ± 25aa

a

Figure 6b 15 ± 1aa
Derived

18aa

478

Figure 5d 19 ± 3

Derived

µM-1 s-1a

(47, 967) a

Figure 5d 25 ± 3

Derivede

µM-1 s-1a

a
a

a
a

Deriveda
aa

rear-head detachment rateaa
front-head ATP on-rate

f

Deriveda
aa

18aa

a
a

Deriveda

bound-head mATP off-rateaa

µM-1 s-1a

18

a
bound-head mATP on-rateaa Figure 6a 18 ± 2 a

bound-head ATP off-rateaa

18

a
a

a

Figure 6b 36 ± 2aa

a
a

26

s-1a

18aa

µM-1 s-1a

18

a
a

µM-1 s-1a

89aa

s-1a

a
a

µM-1 s-1a

18aa

µM-1 s-1a

18

a
a

390

s-1a

26aa

s-1a

a: Based on the 15-fold difference in KIF3A affinity for mant- versus unlabeled nucleotides in solution
a: (Figure 3a, b).
Mt
mADP
= (k unbind + k off
) / k bind .
b: In Figure 4a, K 0.5

mADP
= 1/k off,
+ 1/k attach + 1/k hyd .
c: In Figure 3e, 1/k ATP/HS
max
FH

d: Processivity (55.6 ± 3.7 steps28) = k attach / k unbind.
mATP
= 1/k ATP/HS
+ 1/k detach .
e: In Figure 3c, 1/k step
max

f: 95% confidence interval with truncated gaussian model. Lower bound: stepping rate; upper bound:
f: one-tailed, α = 5%.

26

The third discrepancy between the studies concerns the rate of trailing head detachment
during motor stepping, which Albracht et al. estimate to be 22.3 s-1 based on the fall in light
scattering resulting from rapidly adding ATP to preformed KIF3A/B-Mt complexes. Ascribing
the light scattering signal to be a measure of the trailing head detachment rate requires that upon
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ATP binding, the motor rapidly hydrolyzes ATP and dissociates without taking a step (as even
taking one step would require detachment of both heads for the motor to dissociate). Albracht et
al. added 100 mM KCl to the buffer to minimize the number of steps before dissociation, but
pulse-chase and acid quench experiments under similar conditions showed bursts of 3 ATP per
active site (6 ATP per dimeric motor). Thus, a more conservative interpretation of the data is that
the rate measured by light scattering provides only a lower limit for trailing head detachment,
meaning that it is fully consistent with our estimate for k detach of 89 ± 25 s-1 (Table A-2).
The final discrepancy with the Albracht work concerns the sequence of steps in the
hydrolysis cycle. Albracht et al. assume that during motor stepping, ATP binding to the bound
head leads to stepping followed by ADP release by tethered head, and only then is ATP
hydrolyzed by the first head. More precisely, following state 4 in our Figure A-1 (corresponding
to state E3 from Albracht), states 5 and 6 are replaced by a two-head-bound state (E4) with no
nucleotide in the leading head and ATP in the trailing head, which then resolves to our state 7
(E5). The first problem is that, whereas our framework provides a pathway for motor detachment,
the Albracht cycle does not. Secondly, our framework is supported by recent work by Milic et al.
that showed that slowing ATP hydrolysis (by using ATPγS) does not enhance processivity,
arguing that ATP hydrolysis in the bound head precedes binding and ADP release by the tethered
head. Third, even though AMPNP does trigger mADP release by the second head, we found the
maximal rate to be only 5.9 s-1 (Figure A-5b), compared to >47 s-1 by the pathway in Figure A-1.
Thus, while a bifurcation of the cycle following state 4 cannot be ruled out, at a minimum
stepping before hydrolysis is strongly disfavored kinetically. In summary, while our results are
consistent with experimental data of Albracht et al., our interpretations of the results differ
markedly.
The present work provides a biochemical framework in which to interpret previous
kinesin-2 observations and provides insight into the role of kinesin-2 in cells. It was shown
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previously that during processive stepping, kinesin-2 readily detaches under load (Andreasson
and Block, 2013; Arpağ et al., 2014; Schroeder III et al., 2012). This behavior can be explained
by our finding here that the motor spends a significant fraction of its hydrolysis cycle in a weakly
bound state that would be expected to detach under load. Kinesin-2 was found to step around
obstacles more efficiently than kinesin-1 and beads coated with many kinesin-2 motors observed
to take spiral paths along microtubules, both of which could also be attributed to the motor
residing in a weak-binding state that can diffuse on the microtubule lattice (Brunnbauer et al.,
2012; Hoeprich et al., 2014). One question that this work does not answer is why shortening the
kinesin-2 neck linker from 17 to 14 residues enhances motor processivity (Shastry and Hancock,
2010). Based on the model for the KIF3A hydrolysis cycle developed here, not only is an effect
on front-head gating (nucleotide binding) ruled out, but increasing the trailing-head detachment
rate by shortening the neck linker is also not predicted to enhance processivity. This question will
be best addressed in future experiments by directly measuring the attachment and detachment rate
constants in the hydrolysis cycle and determining their dependence on neck linker length.
In terms of its transport function in cells, the fact that kinesin-2 spends a large fraction of
its cycle in a microtubule-associated weak-binding state means that opposing forces generated by
dynein bound to the same cargo will tend to overwhelm kinesin-2. However, the motor is also
predicted to maintain its association with the microtubule when it is being pulled in the opposite
direction, which may enhance directional switching following the termination of the dynein run.
These results highlight the specialization of different kinesin transport motors and provide
constraints for understand bidirectional transport by combinations of different kinesins and
opposed teams of kinesins and dyneins.
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