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Abstract

Mitosis is the process by which the cell’s duplicated genome is divided into two
daughter cells. Accuracy of chromosome segregation is essential for maintaining healthy
cells, and thus numerous cellular networks and signaling pathways are charged with
ensuring mitotic fidelity. As deregulated cell division and chromosome instability are two
hallmarks and drivers of cancer, a leading cause of death worldwide, it is imperative to
continue improving our understanding of the molecular mechanisms underpinning
mitosis.

Kinesins comprise a superfamily of molecular motor proteins whose functions
include organizing the mitotic spindle, the microtubule-based machine that powers
chromosome segregation. As they are essential for mitotic progression, mitotic kinesins
have been recognized as promising therapeutic targets for the development of anticancer
agents. Numerous chemical inhibitors of the Kinesin-5 Eg5, a motor critical for building
bipolar spindles, have been designed and tested against a range of cancers;
unfortunately, while Kinesin-5 inhibitors (K5Is) perform well in preclinical studies, they fail
to induce tumor regression in patients. One potential mechanism behind this discrepancy
is the existence of another motor protein that is capable of driving spindle assembly in an
Eg5-independent manner. Indeed, several functional redundancies exist among the
kinesin superfamily, and it has been shown that Eg5-independent mitosis relies on the
Kinesin-12 KIF15.

KIF15 is non-essential for mammalian cells; however, under the selective pressure
of K5I treatment, some cells acquire genetic alterations that make KIF15 essential for
spindle assembly. We hypothesize that K5Is may not reach their clinical potential unless
paired with an inhibitor of KIF15. Unfortunately, the field lacks a well-characterized,
selective KIF15 inhibitor with which to test this theory. Additionally, much remains
unknown about how KIF15 is able to drive Eg5-independent spindle assembly, including
the mechanisms by which KIF15 is regulated in cells.
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In this thesis, | present the discovery of two chemical inhibitors of KIF15 identified
from a library of 24,000 small molecules (Chapter 3). These inhibitors potently and
selectively inhibit KIF15 activity both in vitro and in cells, and have distinct mechanisms
of inhibition. The findings of this screen represent a useful resource that can be harnessed
to study the role of KIF15 in spindle organization. Additionally, | show how this work can
be extended to the identification of other kinesin inhibitors through adaptation of our
screening pipeline (Chapter 2).

| then focus in on KIF15’s physiological role in cells and present work
characterizing a novel mechanism of kinesin regulation via kinesin-binding protein
(KIFBP) (Chapter 4). A combination of structural biology, biochemistry, and cell-based
assays shows that KIFBP binds to the motor domain of KIF15 and remodels its
conformation to enable complex formation and prevent interaction with microtubules. Our
findings identify several regions of KIFBP that are essential for kinesin-binding, and
suggest a conformational basis for how KIFBP selectively binds a subset of kinesins in
cells. Collectively, this work advances our understanding of how cellular reorganization is
regulated each cell cycle, and provides a valuable tool with which to continue advancing

our knowledge of the role of KIF15 in cell division.
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Chapter I: Introduction
1.1 Mitosis, motors, and the cytoskeleton
1.1.1 Microtubule structure

Microtubules are polymers composed of a- and B-tubulin heterodimers that stack
to form hollow tubes roughly 25 nm in diameter. They are inherently dynamic, going
through phases of polymerization and depolymerization sometime on the scale of
seconds, a phenomenon called dynamic instability (Mitchison and Kirschner 1984). Both
the a- and B-tubulin subunits bind GTP, but a-tubulin does not hydrolyze the nucleotide.
On the other hand, the B-tubulin subunit hydrolyzes GTP to GDP upon polymerization,
and nucleotide exchange occurs upon depolymerization (Spiegelman, Penningroth, and
Kirschner 1977).

Microtubules assemble, or nucleate, from either pre-formed microtubule seeds in
vitro or from nucleating structures like centrosomes or axonemes in cells (Fygenson et al.
1995). Once nucleated, microtubules can rapidly assemble into long polymers with the
addition of tubulin heterodimers to each end. The heterodimers stack head-to-head,
making microtubules polar structures with much faster polymerization dynamics at the
plus end compared to the minus end (Allen and Borisy 1974).

Microtubule organization and dynamics vary greatly throughout the cell cycle.
During interphase, they form the tracks that mediate intracellular transport and aid in
motility. Upon mitotic entry, the microtubule network reorganizes into what is termed the
mitotic spindle, the microtubule-based machine that facilitates chromosome alignment
and segregation. In the spindle, a combination of plus end-polymerization, minus end
depolymerization, and outward sliding forces creates a poleward translocation of
microtubules, a phenomenon known as microtubule flux (Forer 1965; T. Mitchison et al.
1986). While the exact mechanism of and reason for flux remain unclear, it appears

necessary for establishing and maintaining chromosome alignment and spindle length in



metaphase spindles and contributes to the polewards-movement of chromosomes during
anaphase (Rogers et al. 2004).

1.1.2 The mitotic spindle & the spindle assembly checkpoint

The function of the mitotic spindle is to organize the duplicated genome and
accurately segregate it into two genetically identical daughter cells during cell division.
The multitude of events that comprise mitosis can be classified into five stages. In
prophase, chromatin condenses into chromosomes and the centrosomes start to
separate to opposite sides of the nucleus. Prometaphase begins with nuclear envelope
breakdown (NEB) and chromosomes begin to attach to spindle microtubules emanating
from each centrosome. Chromosomes form stable attachments to microtubules
extending from opposite poles in metaphase, and align at the spindle equator. Proper
chromosome attachments are necessary to
satisfy the spindle assembly checkpoint (SAC)
before the cell can proceed past metaphase.
In anaphase, sister chromatids are separated
towards each pole as the spindle elongates. In
the final phase, telophase, a cleavage furrow

forms between the two sets of chromosomes

B and constructs to complete division into two
cells.

The spindle assembly checkpoint

(SAC) is one of signal transduction pathways

in the cell cycle that impede cycle progression

until the necessary parameters are met. The

Fig. 1.1: Amphitelic attachments are necessary .
for accurate chromosome segregation. A) The  PUrpose of the SAC is to ensure chromosomes

four types of chromosome attachments that can .
form during chromosome congression. (i) are attached Stably and allgned at the

Amphitelic: each kinetochore is attached to
microtubules from opposite poles. (i) Monotelic: metaphase plate before anaphase onset. After

only one kinetochore is attached to microtubules
from one pole. (i) Merotelic: at least one nuclear envelope breakdown at the start of

kinetochore is attached to microtubules from both h h
poles. (iv) Syntelic: both kinetochores are attached ~ PrO-metaphase, condensed chromosomes

to microtubules from the same pole. B) Only when . S .
all kinetochores are attached ampitelicly can the attach via their kinetochores to microtubules

spindle assembly checkpoint be turned off.



extending from each pole. Several types of attachments can form, and only one is stable
enough to satisfy the SAC.

The desired type of attachment is amphitelic, where each kinetochore of sister
chromatids attaches to k-fibers from opposite centrosomes. This is the most stable type
of attachment and all chromosomes must be amphitelicly attached in order to satisfy the
SAC and proceed to anaphase (Fig. 1.1B). Amphitelic attachments produce tension
across the kinetochores, created by a force-balance between outward force on
kinetochore microtubules generated by mitotic motors and the inward forces that hold
sister chromatids together (Zhou, Yao, and Joshi 2002). It is still unclear where the signal
for SAC satisfaction comes from, but it is thought to either arise from tension between
sister kinetochores or from the attachment of microtubules to kinetochores (Richard
Mclintosh 1991; Pinsky and Biggins 2005). Several other non-amphitelic attachments can
form during the process of chromosome congression: monotelic attachments, where only
one kinetochore is attached; merotelic attachments, where one kinetochore is attached
to microtubules from both poles; and syntelic attachments, where both kinetochores are
attached to microtubules from the same pole (Fig. 1.1A). All three of these are erroneous
attachments and must be corrected via various error-correction mechanisms before
anaphase can proceed. Notably, merotelic attachments are not detected by the SAC, and
are the source of most chromosome segregation errors in mammalian cells (Cimini et al.
2001). With all non-amphitelic attachments, the correction process results in an
intermediate state comprised

of a mono-oriented

chromosome with one
unattached kinetochore, which
results in SAC activation until it
becomes amphitelicly attached
(Rieder and Maiato 2004).

Fig. 1.2: Microtubule populations within the spindle. (i) Interpolar
microtubules span the length of the spindle. (ii) Kinetochore
microtubules form bundles that attach to chromosomes at their
kinetochores. (iii) Astral microtubules extend outward from the spindle
and anchor the spindle in the cell. (iv) Bridging fibers are bundles of
interpolar microtubules that interact with kinetochore microtubules and
bridge the spindle equator across sister kinetochores.

1.1.3 Organization of the
mitotic spindle

3



The mitotic spindle contains at least three populations of microtubules: interpolar,
kinetochore, and astral microtubules (Fig 1.2). The network of interpolar microtubules
spans the length of the spindle, emanating from the microtubule organizing center
(MTOC) at each pole and overlapping in the midzone. The antiparallel microtubules in the
overlap provide a substrate for crosslinkers and molecular motors to act on, establishing
the bipolarity of the spindle and keeping it from collapsing (Mastronarde et al. 1993).
Kinetochore microtubules function to exert outwards forces on chromosomes at their
kinetochores in order to silence the spindle assembly checkpoint (SAC) during
metaphase and segregate the chromosomes during anaphase (McDonald et al. 1992).
Between 10 and 30 kinetochore microtubules comprise k-fibers, bundles of microtubules
that are attached at their plus ends to the kinetochores of chromosomes with their minus
ends at or close to the spindle poles (McEwen, Ding, and Heagle 1998). Finally, astral
microtubules attach at their minus ends to the centrosomes, but radiate outwards with
their plus ends extended towards the cell cortex. Astral microtubules function to anchor
the position of the spindle within the cell (Grill et al. 2003). Kinetochore microtubules are
fairly stable and have a long half-life of up to several minutes, while interpolar and astral
microtubules are much more dynamic and short-lived, with half-lives on the order of
around 10 seconds (Maiato, Rieder, and Khodjakov 2004; Zhai, Kronebusch, and Borisy
1995). Recently, a fourth population of microtubules termed “bridging fibers” has been
described (Kajtez et al. 2016). These microtubules comprise bundles of microtubules that
span the overlap zone in the spindle equator and act as a bridge between pairs of sister
kinetochores by interacting laterally with kinetochore microtubules. Bridging fibers are
hypothesized to help balance the tension between kinetochores and give the spindle its
rounded shape (Kajtez et al. 2016).

The spindle is home to a variety of microtubule-associated proteins (MAPS) that
are crucial for regulating the structure and dynamics of spindle microtubules. Many of
these MAPs are molecular motors, proteins that convert energy from ATP hydrolysis into
mechanical force. These motors, which include the kinesin superfamily and cytoplasmic
dynein, use this force to organize spindle microtubules into a bipolar array and regulate
their dynamics. Non-motor MAPs include proteins that either stabilize or destabilize
microtubules, and some that do both (Hélder Maiato, Sampaio, and Sunkel 2004). Proper

4



spindle organization depends on balancing the outward and inward forces of microtubule-
associated motors. In mammalian cells, members of the Kinesin-5 and -12 families
provide outward, plus-end-directed forces that separate the centrosomes and afford the
spindle its bipolarity, while dynein and Kinesin-14 provide the inward, minus-end-directed
forces that focus the spindle poles. Deletion or inhibition of one of these motors upsets
the force-balance and impairs normal spindle assembly, which can be rescued by deletion
or inhibition of another oppositely-directed motor (Saunders, Lengyel, and Hoyt 1997; T.
J. Mitchison et al. 2005).

1.1.4 The kinesin superfamily

More than 40 microtubule-based motor proteins comprise the kinesin superfamily,
which is subdivided into 14 families (Lawrence et al. 2004). All kinesins contain a highly
conserved motor domain with the ability to bind both microtubules and ATP, and a tail
domain that confers specific cargo-binding abilities to each motor. Most kinesins form
homodimers with a pair of motor heads on one end of the motor, although some, such as
members of the Kinesin-5 family, are homotetrameric in structure with two pairs of motors
at opposite ends of the molecule (Kashina et al. 1996). The position of the motor within
the polypeptide dictates directionality. Plus-end directed motors, or motors whose motility
is directed mainly towards the plus-end of the microtubule, generally possess N-terminal
motor domains (Kinesin families 1-12), whereas the motor domains of minus-end directed
kinesins are located at the C-terminal (Kinesin-14). One exception is the Kinesin-13 family
that possesses a centrally-located motor domain and function to destabilize microtubules
(Moores and Milligan 2006). ATP hydrolysis powers conformational changes within the
motor that enable stepping along microtubule tracks. Studies have shown that kinesins
move via a “hand-over-hand” model, in which the motor heads take turns leading rather

than one head always being in the lead (Yildiz et al. 2004).

1.2 Mitosis as atarget for anticancer therapies

Cancer is one of the leading causes of death worldwide, resulting in nearly 10
million deaths in 2020 (Ferlay et al. 2021). Thus, the drive to develop new therapeutics to
treat cancer is strong, and fuels a fast-growing pharmaceutical industry. As cancer is a

group of diseases characterized by deregulated cell division, many currently used cancer
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therapeutics target this increased proliferation, disrupting various stages of the cell cycle
in tumor cells through a variety of mechanisms. Some drugs induce apoptosis in cancer
cells by damaging their DNA and activating the DNA damage response, or by inhibiting
the synthesis of DNA (Montecucco, Zanetta, and Biamonti 2015; Woods and Turchi
2013). Another class of anticancer therapies are anti-mitotic agents, which selectively
block mitotic progression in cancer cells (Jordan and Wilson 2004). Anti-mitotic drugs
activate the SAC in dividing cells, which typically results in a prolonged mitotic delay and
subsequent apoptosis. Here, | will discuss the major classes of anti-mitotics that have

been developed and the current outlook on their use as anti-cancer therapies.
1.2.1 Vinca Alkaloids

Vinca alkaloids (VAs) were discovered as compounds that arrest cells in mitosis
with spindle defects, similar to colchicine (Palmer, 1960). Vinblastine was the first VA
discovered, identified in 1958 from Catharanthus roseus, or periwinkle plant (Noble, Beer,
and Cutts 1958). It is used clinically, often as part of a combination regimen, to treat lung
cancer, breast cancer and several hematological cancers (Lucas et al. 2010; Martino et
al. 2018). At high concentrations, they can induce depolymerization of microtubules, while
at lower concentrations they alter microtubule dynamics and prevent microtubule
polymerization. When treated with vinca alkaloids, cells arrest in metaphase. Cells often
retain normal spindle organization and microtubule structure when low doses are used,
although one or more chromosomes can frequently be found near the spindle poles
(Jordan, Thrower, and Wilson 1991). Spindle structure becomes more disrupted with
increasing concentrations of vinca alkaloids, culminating with total microtubule
depolymerization at the highest doses. These drugs appear to have little effect on
interphase cells or cell cycling other than the progression of metaphase to anaphase
(Jordan, Thrower, and Wilson 1991).

Vinca alkaloids bind reversibly to B-tubulin at what is termed the “Vinca domain”,
which is known to bind a variety of other drugs (Bai, Pettit, and Hamel 1990). VAs bind to
tubulin subunits at microtubule ends with higher affinity than subunits along the lattice;
this difference in affinity can explain how VAs suppress dynamics at microtubule ends at

low concentrations while completely destabilizing microtubules at higher concentrations
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(M. A. Jordan et al. 1986; L. Wilson et al. 1982; Singer et al. 1989). At very high
concentrations (> 10 uM), VAs can actually cause tubulin to self-aggregate into
paracrystalline arrays (M. A. Jordan et al. 1986).

Five VAs are currently in use to treat a wide range of cancers. Vinblastine and
vincristine are the two natural VAs identified in the late 1950’s, and are currently used to
treat both solid tumors and hematological malignancies. Three semisynthetic VA analogs
have since been developed, including vindesine, vinorelbine, and vinflunine. Vindesine is
only approved for use in a handful of countries due to its severe side effects (Dyke,
Nelson, and Brade 1979). Vinorelbine is more potent and has fewer side effects
compared to the natural VAs, and is used to treat advanced or metastatic breast and non-
small-cell lung cancer (Budman 1997). Vinflunine is the most recently developed VA and
is currently being evaluated, but has been approved in Europe to treat urothelial

carcinoma (Bellmunt et al. 2009).
1.2.2 Taxanes

After the discovery of vinca alkaloids, screening of natural products led to the
identification of several other types of tubulin poisons, most of which target the -tubulin
subunit. Perhaps the most clinically successful of these was taxol, which was isolated in
1971 from the Pacific yew Taxus brevifolia (Wani et al. 1971). Taxol binds reversibly to
microtubules with high affinity, and with much lower affinity to soluble tubulin (Parness
and Horwitz 1981; Manfredi, Parness, and Horwitz 1982). Photoaffinity studies have
shown that taxol binds to the N-terminus of the B-subunit of tubulin dimers, binding along
the inside surface of microtubule filaments (Rao et al. 1994, 1995). In vitro, taxol promotes
microtubule polymerization, enhancing both nucleation and elongation and stabilizing the
filaments such that they are resistant to cold temperatures. (Schiff and Horwitz 1981;
Kumar 1981; Howard and Timasheff 1988). Interestingly, taxol-polymerized microtubules
typically contain 12 protofilaments, whereas the semisynthetic taxol analog, Taxotere,
induces normal 13-protofilament microtubules (Diaz and Andreu 1993).

At low concentrations of taxol, shortening of microtubule plus ends is reduced
while the dynamics of minus ends are unaffected (Derry, Wilson, and Jordan 1998). At

intermediate concentrations, microtubule growth rates are also decreased and the

7



filaments are stabilized in a state of pause. At very high doses, microtubule shortening is
inhibited at both ends of the filament and polymerization is enhanced, causing a sharp
increase in the mass of microtubule polymer (Caplow and Zeeberg 1982; L. Wilson et al.
1985). Much like VAs, low doses of taxol block cells in mitosis without producing
significant spindle assembly defects (M. A. Jordan et al. 1993). Disruption in spindle
organization characterized by chromosomes stuck at the poles and large bundles of
stabilized microtubules become more apparent with increasing doses (De Brabander et
al. 1981). Apoptosis following taxol treatment is common (M. A. Jordan et al. 1996).
Currently, three types of taxanes are used to treat cancer: paclitaxel, docetaxel,
and cabazitaxel. Paclitaxel was first tested in clinical trials during the 1980’s against
advanced ovarian and breast cancers, and docetaxel showed efficacy against breast
cancer soon after. Both drugs are currently used as frontline therapies for a variety of
tumor types, including lung, bladder, breast, prostate, and ovarian cancer. Cabazitaxel
was more recently approved for use to treat hormone-refractory metastatic prostate

cancer in combination with prednisone (Mosca et al. 2021).
1.2.3 How do MTAs cause cell death?

Chemical inhibitors that impair stable kinetochore attachment, centrosome
separation, or alter microtubule dynamics can arrest mitotic progression by preventing
the SAC from being satisfied. Prolonged SAC activation can result in cell death at several
points, whether during the disrupted mitosis, during the following interphase cycle, or
following an abnormal cell division (Rieder and Maiato 2004). Several mechanisms for
apoptosis following mitotic arrest have been proposed, and so the precise method
remains unclear and controversial. Most likely, contradictory results have arisen from
variation between studies in cell lines, drug types and doses, and experimental
techniques and analysis. Additionally, the duration of mitotic arrest can vary between
transformed and non-transformed cells (Brito and Rieder 2009).

After prolonged mitotic delay with an unsatisfied SAC, cells will typically either i)
die before exiting mitosis; ii) exit mitosis as a 4N cell (i.e. containing both sets of replicated
genetic material) and die in the subsequent G1 phase,; iii) exit mitosis as a 4N cell that is
metabolically viable but reproductively dead, and ultimately die through either
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senescence or apoptosis; iv) exit mitosis as a 4N cell that enters another cell cycle; or v)
abnormally segregate chromosomes into two or more aneuploid cells. There are many
factors that determine which of these fates cells end up in, including the spindle poison
and dosage used, the time spent in mitotic delay, and any genetic mutations the cell
possesses, especially in the case of transformed or malignant cells. For example, whether
or not cells have a functional p53 pathway can determine whether they will undergo
senescence following mitotic delay or continue cycling despite aneuploidy (Andreassen
et al. 2001). Some studies have found a correlation between time spent in mitosis and
subsequent apoptosis (Masuda et al. 2003; Gajate et al. 2000), whereas others have
found no correlation between these events (Gascoigne and Taylor 2008).

Cells exiting the cell cycle in a 4N state without satisfying the SAC or completing
division is termed mitotic slippage. This can be mediated through gradual degradation of
cyclin B1, where beyond a certain threshold cyclin B1 activity is not great enough to
maintain the cell in a mitotic state (Brito and Rieder 2006). Normally degradation of Cyclin
B via polyubiquitination by the anaphase-promoting complex (APC) occurs during
anaphase and begins the process of mitotic exit, but low levels of polyubiquitination can
occur even while the SAC is activated. In contrast, cells whose apoptotic signals reach
the threshold before Cyclin B1 is sufficiently degraded will die during mitosis (Gascoigne
and Taylor 2008). Intra- and inter-cell line variation in cell fate post-mitotic delay is
hypothesized to occur due to cell to cell variation in network stability as well as differences

in genetic background between cell-types (Gascoigne and Taylor 2008)
1.2.4 Resistance to MTAs

While MTAs are clearly very successful in the clinic, there remain several
challenges that limit their use, namely resistance and off-target toxicity. One source of
resistance stems from drug efflux. Both taxanes and vinca alkaloids are substrates of P-
glycoprotein, a drug efflux pump often overexpressed in cancer cells that renders them
multidrug-resistant (Cole et al. 1994, Lorico et al. 1996).

Another potential source of resistance is the mutations to the drug target, i.e.
mutations arising in the genes encoding the B-tubulin isotypes. B-tubulin point mutations

were identified in paclitaxel-resistant ovarian cancer cell lines (Giannakakou et al. 1997),
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and similar mutations were linked to paclitaxel resistance in a genetic analysis of patients
with non-small-cell lung cancer (Monzo et al. 1999). Similarly, a B-tubulin point mutation
was identified in acute lymphoblastic leukemia cell lines resistant to either vincristine or
vinblastine (Kavallaris et al. 2001). However, later studies have brought into question the
presence of these mutations and the validity of their correlation with treatment response,
and so it remains unclear whether B-tubulin mutations are clinically relevant for MTA
resistance (Kelley, Li, and Harpole 2001; Berrieman, Lind, and Cawkwell 2004).

While B-tubulin mutations may have an ambiguous role in MTA resistance,
changes in expression of certain tubulin isotypes have a more definitive role. Abnormal
expression of Blll-tubulin, an isotype with expression typically limited to neurons and
testicular Sertoli cells, is associated with resistance to several taxanes and vinca alkaloids
in a range of cancers (Kavallaris et al. 1997; Seve and Dumontet 2005). Additionally,
changes in expression or activity of several microtubule-associated proteins (MAPS),
such as stathmin, MAP2c, and Tau, were also shown to be correlated with increased MTA
resistance (Martello et al. 2003; Don et al. 2004; Neal and Yu 2006).

Epothilones are another natural product compound with a similar binding site and
mechanism of action to taxanes (Nettles et al. 2004). Isolated from the myxobacterium
Sorangium cellulosum, epothilones stabilize microtubules and induce mitotic arrest and
subsequent apoptosis with higher levels of cytotoxicity that those of taxol. (Kowalski,
Giannakakou, and Hamel 1997; Chou et al. 2001). Intriguingly, they have shown
promising activity in drug-refractory cancers. Epothilones and their analogs are active
against paclitaxel-resistant cancers, including those expressing high levels of Blll-tubulin,
suggesting that epothilones and taxanes have non-overlapping mechanisms of
resistance (Mozzetti et al. 2008; Dumontet, Jordan, and Lee 2009). Continued
characterization of the sensitivity and resistance of various tumor types to epothilones is
necessary, but this class of compound represents a promising alternative to classical
taxane treatment and a potential way to side-step drug resistance.

In addition to resistance, these MTAs have been found to have severe side effects,
including neutropenia and neurotoxicity. Neutropenia is a form of myelosuppression that
occurs when a patient’s neutrophil cell count is lowered, increasing their risk of infection,
and stems from the drugs limiting cell division in neutrophils in addition to cancer cells.
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While neutropenia is a serious condition that increases the patient’s risk of infection, it is
a common side effect of many chemotherapies and is reversible when treated (Pizzo
1993). Neurotoxicity, while less common, is irreversible and often more severe. Since
MTAs do not target cancer cells specifically, but rather preferentially halt their
proliferation, these drugs can have off-target effects on other cell types that depend on
microtubules for functions other than proliferation such as neurons. Patients treated with
paclitaxel can experience a dose-limiting sensory neuropathy, while treatment with
vincristine can result in abdominal pain, jaw pain, and loss of reflexes (Lipton et al. 1989;
Tuxen and Hansen 1994). Because of these undesirable side effects, it is imperative to
develop inhibitors that disrupt mitosis in cancer cells without harming healthy cells.

1.3 Non-microtubule-targeting antimitotics

The high levels of neurotoxicity associated with classical MTAs necessitated the
development of drugs that target proteins specific to mitosis. Promising mitosis-specific
drug targets include kinases involved in mitotic progression as well as molecular motors

essential for spindle assembly.
1.3.1 Cyclin-dependent kinase and checkpoint kinase inhibitors

Cyclin-dependent kinases (CDKs) and checkpoint kinases (CHKSs) are two families
of kinases involved in coordinating cell cycle progression. Various CDKs are responsible
for regulating G1/S and G2/M transitions (Lim and Kaldis 2013). CHKSs, on the other hand,
arrest cell cycle progression in response to DNA damage, allowing the cell cycle to
proceed once it has been repaired. Several CHK inhibitors have been developed and
tested in clinical trials, but overall have shown poor selectivity and high toxicity. One CHK1
inhibitor, SRA737, has completed phase | clinical trials and is undergoing further testing
(Banerji et al. 2019; Plummer et al. 2019).

The first CDK inhibitors developed were pan-CDK inhibitors (inhibitors that target
multiple CDKs). While most of the first-generation pan-CDK inhibitors showed high
toxicity, several second-generation inhibitors show better selectivity and efficacy with
fewer side effects. For example, Dinaciclib has shown promising anti-tumor activity
against breast and lung cancer as well as lymphocytic carcinoma in phase Il clinical trials,

and is even more powerful when combined with PD1 monocolonal antibody treatment
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(Md Sakib Hossain et al. 2018). To improve specificity, inhibitors of specific CDKs are
being developed that have fewer off-target effects than pan-CDK inhibitors. Palbociclib,
Ribociclib, and Abemaciclib (produced by Pfizer, Novartis, and Eli Lilly, respectively) are
three CDK4/6 inhibitors approved for use as first-line treatments for HR* breast cancer.
Studies have shown that CDK4/6 inhibition arrests cells from G1 to S phase by reducing
phosphorylation of the CDK4/6 target protein Rb, thus halting proliferation of Rb-positive
cancer cells (Gelbert et al. 2014). However, recent research has shown that CDK
inhibitors may exert anti-tumor activity through other non-cell-cycle related manners
(Klein et al. 2018); thus, further understanding of the mechanisms by which these
inhibitors cause cell death is necessary for improving their development and use.

1.3.2 Aurora A and B Kinase inhibitors

The Aurora family of kinases are Ser/Thr kinases involved in coordinating mitotic
and meiotic progression. Aurora A localizes to the centrosomes in G2 phase and plays a
central role in mitotic entry, and continues to regulate centrosomal proteins during mitosis
(Sugimoto et al. 2002). Inhibition or depletion of Aurora A in cells inhibits centrosome
maturation, delays mitotic entry, and induces monopolar spindle formation (Q. Liu and
Ruderman 2006). Additionally, Aurora A is often overexpressed in tumor cells, and so
inhibition inhibits proliferation of cancer cells both in vitro and in vivo (Sen, Zhou, and
White 1997; Bischoff et al. 1998; Hata et al. 2005). Aurora B localizes to kinetochores
early in mitosis, but then moves to the microtubules at the spindle equator at anaphase
onset. It plays essential roles in regulating kinetochore function and chromosome
attachment error correction, and is required for SAC function and cytokinesis. (Zeitlin,
Shelby, and Sullivan 2001; Ditchfield et al. 2003). Inhibition of Aurora B causes defects
in chromosome alignment and blocks cell division, causing aneuploidy (Ditchfield et al.
2003).

Numerous Aurora inhibitors are currently undergoing clinical trials. Due to high
homology in the Aurora family, most inhibitors developed have overlapping activity;
however inhibitors are now being developed to have higher specificity for one over the
other. For instance, barasertib exhibits 1000-fold higher selectivity for Aurora B over A

and has shown promise in a number of pre-clinical models of colon, lung, and
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hematological cancers (Wilkinson et al. 2007). Several crystal structure of Aurora A and
B have been reported recently which are likely to aid in the development of more potent
and selective inhibitors (Nowakowski et al. 2002; Sessa et al. 2005; Bayliss et al. 2003).
Additionally, it remains unclear exactly how Aurora inhibitors cause cell death; some
studies have suggested cells without a functional p53 response are more sensitive to
Aurora inhibition-induced polyploidy and are more likely to eventually undergo apoptosis,
but a better understanding of these mechanisms is necessary for predicting response to
Aurora inhibitors (Gizatullin et al. 2006).

1.3.3 Polo-like kinase inhibitors

The polo-like kinases (PLKSs) are ser/thr kinases that play important roles in mitotic
entry and exit as well as in events that occur during mitosis. PLK1 cooperates with many
other cellular kinases and performs a variety of complex roles throughout the cell cycle
and is necessary for process such as mitotic entry, spindle pole formation, chromosome
separation, and mitotic exit. High expression of PLK1 can be found in several cancer
types, including non-small-cell lung cancer, melanoma, and prostate cancer, and
expression is typically correlated with worse prognosis (Cholewa, Liu, and Ahmad 2013).
The roles of the other PLKs are less understood, and expression of PLK2-5 is often
reduced in tumor cells (X. Liu 2015).

Preclinical studies have validated PLK1 as a promising drug target in both cancer
cell lines and xenograft models (Spankuch et al. 2004; Guan et al. 2005). Several PLK
inhibitors have withgone or are currently going through clinical trials. The most successful
so far is perhaps rigosertib, a compound that actually binds to Raf and inhibits its
activation of PLK1, thus inhibiting downstream PLK1 activity (Fruman and Rommel 2014).
Rigosertib is currently in Phase lll trials in patients with myelodysplastic syndrome and
metastatic pancreatic cancer. Clearly, PLKs are a promising antimitotic target, and an
increased understanding of their complex functioning in cells will is needed to improve

the development of PLK inhibitors.
1.3.4 CENP-E (Kinesin-7) inhibitors

CENP-E localizes to the kinetochores of chromosomes during mitosis and plays

an essential role in mediating the proper congression and attachment of chromosomes
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(Wood et al. 1997). Kinetochore-attached CENP-E transports laterally attached
chromosomes to the plus-ends of kinetochore microtubules during prometaphase (Wood
et al. 1997; Kapoor et al. 2006), and remains at the kinetochores of bioriented
chromosomes throughout metaphase and into anaphase where it maintains stable
attachments (Vitre et al. 2014). Two CENP-E inhibitors have shown promise in preclinical
models: GSK923295, which allosterically inhibits the ATPase activity of CENP-E; and
Cmpd-A, an ATP-competitive inhibitor. Both inhibitors are effective at blocking
proliferation in tumor cells lines and xenograft models, and GSK923295 showed low
levels of toxicity in a Phase | clinical trial (Wood et al. 2010; Ohashi et al. 2015; Chung et
al. 2012). Further work is necessary to evaluate CENP-E as an effective drug target and

the efficacy of CENP-E inhibitors in patient responses.
1.3.5 Eg5 (Kinesin-5) inhibitors

Eg5 is a plus end-directed motor essential for bipolar spindle assembly, although
it is non-essential for bipolar spindle maintenance (Blangy et al. 1995; Kapoor et al. 2000).
The current structural model of Eg5 suggests that it adopts a homotetrameric structure
comprised of two antiparallel dimers; each dimer contains a long coiled-coil with two
motor domains on the end, and coiled-coils of each dimer then assemble to form a central
rod structure with the motor head pairs on each end of the molecule (Acar et al. 2013;
Scholey et al. 2014). This conformation allows Eg5 to crosslink antiparallel microtubules
and slide them apart via its plus-end directed motility on each microtubule (Fig. 1.3)
(Kashina et al. 1996;
Kapitein et al. 2005). Eg5
is activated by
phosphorylation of Thr927
by cdc2 at the G2/M
transition, enabling it to
associate  with  spindle

microtubules and drive

centrosome separation In Fig. 1.3: Mitotic motors within the spindle. Eg5 (orange) localizes to the
antiparallel overlap zone of interpolar microtubules. KIF15 (magenta)

early prophase (Blangy et localizes to kinetochore microtubules. Both motors are capable of
crosslinking and sliding apart antiparallel microtubules.
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al. 1995). The plus-end directed force generated by Eg5 counteracts the minus-end
directed action of the molecular motor protein dynein to assemble the bipolar spindle, and
depletion of either Eg5 or dynein impairs proper spindle assembly (Gaglio et al. 1996).
The first Eg5 inhibitor, or K5I (kinesin-5 inhibitor) discovered was monastrol;
treatment with monastrol causes cells to arrest in mitosis with a monopolar spindle
structure, causing SAC activation and subsequent apoptosis (Fig. 1.4) (Mayer et al.
1999). Monastrol treatment is also reversible, and does not affect microtubule dynamics
in interphase cells or cell cycle progression in G or S phase (Kapoor et al. 2000). These
results highlighted Eg5 as a potential target for non-microtubule-targeting antimitotic
compounds, as it is essential for cell division yet dispensable for non-proliferating cells.
Furthermore, expression of Eg5 is typically elevated in tumor cells compared to normal
human tissue, further widening the therapeutic window. Eg5 is overexpressed in several
cancer types, including non-small-cell lung cancer, prostate cancer, and laryngeal
squamous cell carcinoma (Saijo et al. 2006; Wissing et al. 2014; Lu et al. 2016). In
patients, Eg5 overexpression and increased gene copy number is correlated with poor
clinical outcome and increased tumorigenesis in pancreatic cancer and renal cell
carcinoma (M. Liu et al. 2010; Sun et al. 2013). Transgenic mice that overexpress Eg5
displayed increased genomic instability stemming from chromosome mis-segregation
and an increased number of
tetraploid cells (Castillo et al.
2007). Additionally,
tetraploid cells were

(i) Bipolar spindle (ii) Monopolar spindle significantly more sensitive

to knockdown of Eg5 by
siRNA than diploid cells, an
important finding seeing as
many cancer cells are

tetraploid or aneuploid

Fig. 1.4: Spindle morphology resulting from Eg5 inhibition. (ReIIo-Varona etal. 2009)-
Representative images of RPE-1 cells and cartoons of (i) bipolar and (ii)

monopolar spindle morphologies. Inhibition of Eg5 activity prevents Over the last two
centrosome separation and results in a monopolar array with microtubules .
emanating from one pole in the middle. decades, a multitude of K5Is
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have been developed and tested in clinical trials. Most of these drugs target the Eg5 motor
domain, either binding allosterically to Loop 5 of the motor head and trapping the motor
in an ATP-bound state (Maliga et al. 2006; Talapatra, Schuttelkopf, and Kozielski 2012),
or binding competitively near the ATP-binding pocket and interfering with nucleotide-
binding (Luo et al. 2007; Pefa et al. 2020). To this day, more than 40 clinical trials have
been completed or are ongoing testing the safety and efficacy of K5Is in patients. Phase
| trial results were encouraging as K5Is are well-tolerated and produce minimal toxicities;
importantly, no neurotoxicity has been observed in patients, validating the search for non-
microtubule-targeting antimitotic therapies.

However, Phase Il studies have been largely disappointing, as little response to
any Kb5ls tested has been reported. No complete or partial response was observed in
Phase Il trials tested in patients with squamous cell carcinoma (Tang et al. 2008),
advanced renal cell cancer (Lee et al. 2008), prostate cancer (Beer et al. 2008), advanced
urothelial cancer (Jones et al. 2013), or lymphoma (O’Connor et al. 2015), with the best
result being several patients experiencing stable disease. Only one inhibitor, Arry-520
(filanesib), has shown any efficacy in producing partial responses in patients with multiple
myeloma, either as a monotherapy or in combination with dexamethasone or a
proteasome inhibitor (Owens 2013; Shah et al. 2017; Zonder et al. 2015). This large
discrepancy between preclinical success and clinical failure of K5Is has prompted

extensive research into potential mechanisms behind K5I resistance.
1.3.6 Mechanisms of K5I resistance

One reason for the low efficacy of most K5Is is likely due to the pharmacokinetics
of the drugs with respect to their mechanism of action. Antimitotic inhibitors are only active
against cells during mitosis, which comprises a relatively small portion of the cell cycle.
The frequent dosing schedule of preclinical models compared to human patients, as well
as the much longer half-life of Arry-520 relative to most other K5Is, is one potential
explanation for the discrepancy between pre-clinical success and clinical failure and the
unique response to Arry-520 (Komlodi-Pasztor et al. 2011; Rosenfeld 2015).

In addition to pharmacokinetic issues, several mechanisms of K5I resistance have

been identified in cells that may be clinically relevant. Like MTAs, some K5Is are targets
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of common drug efflux pumps that are often upregulated in cancer cells. One study found
that ispinesib is a substrate for both the P-glycoprotein and breast cancer resistance
protein (Brcp) drug efflux transporters; combination of ispinesib with elacridar, a potent
inhibitor of both pumps, increased efficacy and drug permeation in an orthotopic
glioblastoma model (Gampa et al. 2020).

Another potential mechanism of K5I resistance is the acquisition of mutations to
Eg5 that reduce its sensitivity to K5Is. Mutations to the drug target itself that render drugs
ineffective is a common theme in drug resistance (Wacker et al. 2012). Indeed, a study
of acquired resistance to ispinesib, the most extensively tested clinical K5I, identified Eg5
mutations in all resistant clones that did not show resistance to other multidrug resistance
substrates (Kasap, Elemento, and Kapoor 2014).

A third mechanism of K5I resistance centers on KIF15, another kinesin whose
activity is partially redundant to Eg5. A member of the Kinesin-12 family, KIF15 is a plus-
end directed kinesin whose normal functions include facilitating spindle elongation in
prometaphase and maintaining spindle bipolarity (Tanenbaum et al. 2009). Unlike Eg5,
KIF15 forms a homodimer in cells; however, it contains a second microtubule-binding site
on its stalk that enable it to crosslink and slide apart antiparallel microtubules, much like
Eg5 (Sturgill et al. 2014). KIF15 is dispensable for spindle assembly; as long as cells
contain active Eg5, KIF15 depletion has little to no affect on the ability of cells to establish
bipolar spindles (Tanenbaum et al. 2009).

Endogenous KIF15 is not capable of independently driving spindle assembly as it
preferentially targets k-fibers rather than interpolar microtubules. Additionally, one of the
main roles of Eg5 in mitotic progression is to separate the centrosomes before NEB,
which KIF15 cannot fully compensate for since it does not become activated until NEB.
Studies have shown, however, that under the selective pressure of Eg5 inhibition, some
cells accumulate mutations that enable them to utilize KIF15 instead of Eg5 in spindle
assembly. In some Kb5I-resistant cell (KIRC) lines, simple overexpression of KIF15 is
sufficient to mislocalize KIF15 to non-kinetochore microtubules and drive bipolar spindle
assembly in an Eg5-independent manner (Tanenbaum et al. 2009; Sturgill and Ohi 2013).
In other KIRC lines, a mutation to Eg5 was identified that transforms it into an immotile
crosslinker capable of bundling microtubules, thus creating a better substrate for KIF15
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to bind to (Sturgill et al. 2016). In both of these cases, cells display an intermediate
monopolar microtubule array before achieving bipolarity, indicative of a lack of pre-NEB
centrosome separation. KIF15 activity on non-kinetochore microtubules during
prometaphase is then capable of breaking the astral symmetry and establishing spindle
bipolarity through a “reverse jackknifing” method (Sturgill and Ohi 2013). Similarly, studies
have shown that hyperactivated nuclear envelope-associated dynein and elevated
epidermal growth factor (EGF) levels are each capable of inducing centrosome
separation in prophase independently of Eg5, which enables bipolar spindle
establishment via endogenous levels of KIF15 (Raaijmakers et al. 2012; Mardin et al.
2013). EGF promotes weakening of centrosome cohesion via signaling events
downstream of EGFR, facilitating KIF15-dependent spindle assembly (Mardin et al.
2013).

Importantly, KIF15 is central to all mechanisms that give rise to K5I resistance.
Thus, removal of KIF15 via CRISPR-Cas9 technology would be predicted to eliminate the
ability of HeLa cells to acquire resistance to K5Is; indeed this prediction was borne out
experimentally (Sturgill et al. 2016). This reveals a fundamental requirement of KIF15 for
K5I resistance, and suggests that the clinical efficacy of K5Is may be improved if paired
with a KIF15 inhibitor.

1.4 Regulation of mitotic motors

Kinesins must be tightly regulated to control when and where in the cell they are
exerting their various activities, and to prevent unnecessary energy loss in the absence
of cargo-binding. The kinesin superfamily has evolved several mechanisms of regulation,
and many motors are regulated by more than one mechanism. In this section, | will
discuss several common mechanisms of regulation of mitotic kinesins and how they work

together to coordinate cell division.
1.4.1 Autoinhibition

Kinsin-1 motors were discovered to adopt two different conformation: an extended,
linear shape and a folded, more compact conformation (Hirokawa et al. 1989). Motors in
the folded conformation were later found to be inactive and unable to bind microtubules
(Verhey et al. 1998; Stock et al. 1999; Friedman and Vale 1999). This mechanism was

18



termed “autoinhibition”, characterizing a method of regulation in which the kinesin
intrinsically inactivates itself. Autoinhibition via conformational folding has been proposed
as a mechanism of regulation for members of the kinesin-2, -3, and -7 families in addition
to Kinesin-1 (Imanishi et al. 2006; Hammond et al. 2009; Espeut et al. 2008). When
kinesins are in an autoinhibited state, non-motor regions are able to contact the motor
domain and disable microtubule-binding and ATPase activity. Studies of Kinesin-1
identified a hinge in its coiled-coil stalk, folding of which enables the tail to physically
interact with the head and trap it in an ADP-bound state (Dietrich et al. 2008; Hackney
and Stock 2000).

CENP-E is a member of the Kinesin-7 family and plays a vital role in chromosome
congression during mitosis (Schaar et al. 1997; Wood et al. 1997). Similar to Kinesin-1,
the C-terminal tail domain of CENP-E directly interacts with the motor domain. Unlike
Kinesin-1, however, autoinhibited CENP-E can still bind microtubules; autoinhibition
instead blocks processive motility along microtubules, thus disabling its activity (Espeut
et al. 2008). KIF15 is another mitotic motor hypothesized to autoinhibit. Addition of the C-
terminal coiled-coil in trans inhibits motility of KIF15 in vitro, and both size-exclusion
chromatography and negative stain experiments suggest that KIF15 can adopt both open
and compact conformations (Sturgill et al. 2014).

While autoinhibition partly answers the question of how some mitotic kinesins are
regulated, it brings up the question of what governs the regulation of autoinhibition itself.
Cargo-binding is one method of releasing autoinhibition; with Kinesin-1 or -2 motors,
binding of kinesin-specific cargo to the tails releases the autoinhibited state and allows
processive motility on microtubules to resume (Coy et al. 1999; Imanishi et al. 2006).
Post-translational modifications may also play a role in autoinhibition release;
phosphorylation of CENPE by either MPS1 or CDK1/Cyclin B stimulates unfolding of the
molecule and enables microtubule motility (Espeut et al. 2008).

1.4.2 Cellular sequestration and Ran-GTP

Another method of regulation is to isolate motors from microtubules and/or cargo
in a cell-cycle-dependent way. For mitotic motors, this typically involves sequestration in

the nucleus. Members of the Kinesin-6, -8, -10, and -14 family contain nuclear localization
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signals (NLSs) which mediate their localization to the nucleus during interphase; upon
nuclear envelope breakdown at the beginning of mitosis, these motors are released to
perform their mitotic duties (Trieselmann et al. 2003; Goshima and Vale 2005; X. Liu and
Erikson 2007; Du, English, and Ohi 2010). As these motors act on microtubules either
with either crosslinking activity or by affecting microtubule dynamics, sequestering them
in the nucleus during interphase is critical to prevent aberrant microtubule organization in
interphase cells. CENP-E, on the other hand, is excluded from the nucleus during
interphase and is only able to bind its kinetochore targets on chromosomes after nuclear
envelope breakdown (Brown, Wood, and Cleveland 1996).

Nuclear sequestration of these mitotic motors is typically mediated by the importin
proteins (Ems-McClung, Zheng, and Walczak 2004; Tahara et al. 2008), which are in turn
regulated by the small GTPase Ran. During interphase, importin-a/p bind their protein
targets in the cytoplasm and transport them into the nucleus through the nuclear pores.
In the nucleus, Ran-GTP binds importin-a/p, stimulating release of the cargos and
facilitating movement of the importins back to the cytoplasm (Kutay et al. 1997). The
presence of RanGAP (a GTPase-activating protein) in the cytoplasm and RCC1 (a
guanine nucleotide exchange factor) in the nucleus maintain Ran-GTP levels high in the
nucleus and low in the cytoplasm, which in turn regulates cargo-binding and release of
the importin proteins spatiotemporally (Melchior 2001).

Ran-GTP also plays a role in kinesin localization and activation during mitosis.
After nuclear envelope breakdown, importin-a/f are still able to bind their kinesin targets
via their NLSs; while this clearly doesn’t induce nuclear localization during mitosis, binding
by importins holds the kinesins in an inactive state. However, during mitosis a gradient of
RanGTP is generated with highest levels near the chromosomes; Ran-GTP-binding of
importin-a/p at the chromosomes stimulates release and activation of their kinesin cargos
(Trieselmann et al. 2003; Ems-McClung, Zheng, and Walczak 2004; Tahara et al. 2008).
In this way, the activity of NLS-containing kinesins, among other spindle assembly factors,

is restricted both spatially and temporally throughout the cell cycle.

1.4.3 Regulatory binding partners
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Localization and activity of multiple mitotic kinesins is controlled via interactions
with regulatory binding partners. For example, in yeast, the Kinesin-14 homolog Kar3 is
targeted to the spindle poles by binding partner Vik1, and to overlapping microtubules in
the central spindle by Cik1 (Allingham et al. 2007; Benanti et al. 2009). Similarly, studies
have shown that localization of CENP-E to kinetochores requires direct interactions with
several binding partners, including SEPT7, a member of the GTP-binding septin family of
proteins, and NUF2, a component of the kinetochore-associated NDC80 complex (D. Liu
et al. 2007; Zhu et al. 2008).

On the other hand, kinesin-binding protein (KIFBP) is a negative regulator of a
subset of kinesins in cells. KIFBP binds members of the Kinesin-2, -3, -8, and -12 families,
including the mitotic kinesins KIF15 and KIF18A, and prevents their interactions with
microtubules (Kevenaar et al. 2016). Knockdown of KIFBP increases the occurrence of
lagging chromosomes in mitotic cells, a phenotype that can be reproduced by
overexpression of either KIF15 or KIF18A,; thus it is concluded that negative regulation

via KIFBP is necessary for preventing overactivity of mitotic kinesins (Malaby et al. 2019).
1.4.4 Post-translational modifications

Lastly, the localization and activity of many mitotic kinesins are regulated by
various post-translational modifications (PTMs). Phosphorylation of Eg5 by Cdc2 is
required for robust microtubule-binding in mammalian cells (Blangy et al. 1995; Sawin
and Mitchison 1995). CENP-E is also regulated by a different type of PTM, sumoylation,
in which a SUMO (small ubiquitin-related modifier) is covalently conjugated to it. Unlike
ubiquitination, which typically targets proteins for proteasomal degradation, sumoylation
often enhances protein-protein interactions of its substrates with other macromolecules
(Johnson 2004). Sumoylation by SUMOZ2/3 is required for proper localization of CENP-E
to kinetochores (Zhang et al. 2008).

Some kinesins are regulated by a combination of several PTMs. The Kinesin-13
KIF2A, whose microtubule-depolymerase activity is essential for regulating spindle
microtubule dynamics, is phosphorylated by both PLK1 and Aurora A. PLK1 targets KIF2a
to spindle microtubules and poles, and increases its depolymerase activity, whereas

phosphorylation by Aurora A disrupts its decreases its depolymerase activity (Jang et al.
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2009). This antagonistic regulation of KIF2A spatially controls its activity on the spindle;
Aurora A prevents KIF2A-mediated microtubule depolymerization on spindle
microtubules, while centrosomal PLK1 activates KIF2A depolymerization at the spindle
poles, which is required for establishing tension between sister kinetochores (Sumara et
al. 2004; Jang et al. 2009).

It is clear that regulation of mitotic kinesins is complex, and motor activity is often
orchestrated by a variety of regulatory mechanisms. Consider, for instance, CENP-E,
whose location and activity throughout the cell cycle is controlled by a combination of
PTMs, binding partners, and autoinhibition. Another interesting example is KIFBP; many
of its substrates are regulated by one or more additional mechanisms, and so the
evolutionary purpose of regulation by KIFBP in addition to these other mechanisms
remains uncertain. Furthermore, it is not always clear whether localization completely
corresponds to activity, and additional work is necessary to elucidate the relationships
between location and activity of the mitotic motors.

1.5 KIFBP: aregulatory kinesin binding partner

As briefly discussed, KIFBP binds to a subset of kinesins in cells and inhibits their
interactions with microtubules. KIFBP was originally discovered as a binding partner of
the Kinesin-3 KIF1Ba (Wozniak et al. 2005), and was later shown to bind to eight kinesins
in cells, including members of the Kinesin-2, -3, -8, and -12 families (Kevenaar et al.
2016). KIFBP interacts directly with the motor domains of these kinesins and decreases
their landing rate on microtubules in vitro.

KIFBP is especially critical for mitotic cells. Overexpression of KIFBP induces
defects in metaphase spindle length and chromosome alignment, whereas KIFBP
depletion increases the occurrence of lagging chromosomes during anaphase, an issue
that can lead to genomic instability in cells. Immunofluorescence experiments revealed
that excess KIFBP in cells disrupts normal spindle localization of the two mitotic motors
KIF15 and KIF18A, and overexpression of either motor can reproduce the phenotypes
seen in KIFBP-depleted cells (Malaby et al. 2019). This supports a model in which KIFBP
is necessary to “buffer”, or prevent overactivity, of mitotic kinesins in dividing cells. As
noted above, KIFBP-binding kinesins are regulated through a variety of other

mechanisms in cells, and so an interesting question remains as to the purpose of KIFBP
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as an additional form of regulation. Additionally, it is not yet known why or how KIFBP
specifically binds only a subset of eight kinesins, as there is no obvious structural or

sequence similarity that set those eight apart from other kinesins in cells.
1.5.1 KIFBP in disease

KIFBP is also pathologically relevant. Around the same time it was identified as a
kinesin binding partner, the gene that encodes KIFBP was identified as a disease-causing
gene for Goldberg-Shprintzen syndrome, an autosomal recessive neurological disorder
characterized by defects in neuronal development, mental retardation, facial
dysmorphism, heart defects, and often Hirschsprung disease (H. Tanaka et al. 1993;
Valence et al. 2013; Dafsari et al. 2015). 16 KIFBP mutations that cause GOSHS have
been identified to date; most mutations results in either a reduction or complete loss of
protein expression (MacKenzie et al. 2020; Cubuk 2021).

While the exact causes of GOSHS are poorly understood, KIFBP activity is indeed
important for neuronal development. Studies in zebrafish showed that KIFbp expression
increases during neuronal differentiation and that KIFbp is expressed in both the central
and enteric nervous systems, confirming a role in the development of both (Alves et al.
2010). Zebrafish harboring a truncation mutation in KIFbp exhibit delayed axonal
outgrowth and less organized axonal MTs (Lyons et al. 2008). Similarly, when KIFBP was
knocked down in embryonic mouse cortices, mice displayed defects in migration of neural
progenitor cells, simplified dendritic structures with fewer branches, defects in axonal
extension, and an increase in neuronal apoptosis (Chang et al. 2019).

Several KIFBP functions in neurons are directly linked to GOSHS symptoms. For
example, reduction in neuronal migration has been previously linked to polymicrogyria
(Chang et al. 2019). KIFbp”- mice also exhibit reduced size of the brain and olfactory
bulbs, which may reflect the microcephaly commonly observed in GOSHS patients
(Faheem et al. 2015; Hirst et al. 2017). Lastly, dendritic abnormalities are implicated in
multiple neurological disorders characterized by mental retardation similar to GOSHS,
including Autism spectrum disorders, Fragile X syndrome, and Down syndrome (Hutsler
and Zhang 2010; Rudelli et al. 1985; Takashima et al. 1989).
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As KIFBP regulates a subset of kinesin motors, we hypothesize that GOSHS
phenotypes arise due to dysregulation of KIFBP-binding kinesins in the absence of KIFBP
activity. Supporting this hypothesis, several KIFBP-binding kinesins have roles in
neuronal development and regulating MT dynamics. For example, KIF18A regulates MT
dynamics, which is necessary for effective axonal elongation; inhibition of MT dynamics
by MT stabilizing or destabilizing drugs disrupts axonal outgrowth (Letourneau and
Ressler 1984; E. Tanaka, Ho, and Kirschner 1995). Depleting KIF18A in post-mitotic
neurons increases the growth rate and catastrophe frequency of axonal MTs, while
reducing the overall axon length, phenotypes that can be reproduced by KIFBP
overexpression (Kevenaar et al. 2016). KIF1A and KIF3A are involved in regulating
neuronal migration; thus, dysregulation of these motors in the absence of KIFBP activity
may cause the neuronal migration defects observed in mice (Tsai et al. 2010; Chen,
Chang, and Tsai 2019). Lastly, KIF13B transports PIP3 to neurite tips to mediate axonal
differentiation and extension (Horiguchi et al. 2006). Overactivity of KIF13B leads to
accumulation of PIP3 at multiple neurite tips and impairs axonal differentiation, another

potential result of loss of KIFBP function.

1.6 Overview of dissertation

In this dissertation, | present the development of a new resources with which to
assay KIF15'’s role in cellular organization, and describe the characterization of a novel
method of kinesin regulation. In Chapter I, | describe the pipeline our lab has established
to screen for and evaluate small molecule inhibitors of kinesin inhibitors. In Chapter 11, |
describe the identification of two KIF15 inhibitors, and show that KIF15 inhibitors can
synergize with K5Is to prevent resistance. In Chapter IV, | describe the mechanism by
which KIFBP prevents KIF15, among a subset of other kinesins, from binding to

microtubules in cells.
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2.1 Abstract

Mitotic kinesins play essential roles during mitotic spindle assembly and in
ensuring proper chromosome segregation. Chemical inhibitors of mitotic kinesins are
therefore valuable tools to study kinesin function in vitro and in cells. Because cancer is
a disease of unregulated cell division, inhibitors also represent potential
chemotherapeutic agents. Here, we present assays that can be used to evaluate the
potency and specificity of mitotic kinesin inhibitors identified from high-throughput
screening. By evaluating their effects in a variety of in vitro, fixed-cell, and live-cell assays,

screening hits can be prioritized and optimized to produce effective, on-target inhibitors.

2.2 Introduction

The kinesin superfamily is comprised of 14 distinct families of microtubule-
dependent motor proteins, many of which use energy from ATP hydrolysis to transport
cargoes along microtubule tracks in cells (Verhey and Hammond 2009). A subset of
kinesins also regulate microtubule dynamics (Drummond 2011), or use their motility to
organize microtubules in three-dimensional space (Akhmanova and Steinmetz 2015).

While there is wide variation in domain organization and primary sequence between
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subfamilies, all kinesins share a conserved motor head domain with an ATP binding site
that binds the microtubule track (Hirokawa et al. 1989). Kinesins perform diverse functions
in cells, and several kinesins are essential for cell division. These “mitotic kinesins” drive
the assembly and maintenance of a bipolar mitotic spindle, the microtubule-based
structure essential for chromosome segregation (Sawin et al. 1992).

Several small molecule inhibitors that target mitotic kinesins have been developed
that are useful as tools to study kinesin function and elucidate mechanisms of mitosis.
For example, the small molecule monastrol was discovered as an inhibitor of Eg5 (Mayer
et al. 1999), a member of the kinesin-5 family (Sawin et al. 1992; Blangy et al. 1995;
Ferenz, Gable, and Wadsworth 2010). Eg5 drives the separation of centrosomes during
the early stages of mitosis (Sawin and Mitchison 1995). Eg5 inhibition with monastrol thus
prevents centrosome separation, resulting in the formation of monopolar spindles and
mitotic arrest (Mayer et al. 1999). As a specific and reversible inhibitor, monastrol has
been used to probe processes involved in bipolar spindle assembly and maintenance,
and the contribution of Eg5 to these processes (Kapoor et al. 2000).

Mitotic kinesin inhibitors can also be used as anticancer therapies, functioning to
activate the mitotic checkpoint and selectively kill dividing cells (Jordan and Wilson 2004).
Since cancer is characterized by deregulated proliferation, antimitotic drugs comprise an
important class of anticancer therapies. Taxanes and Vinca alkaloids, drugs that disrupt
microtubule dynamics and mitotic spindle assembly, have had clinical success against a
wide range of cancers including breast and ovarian cancer and leukemia (Tuxen and
Hansen 1994; Rowinsky 1997). Despite their success at reducing tumor burden in
patients, these drugs also affect non-dividing cells that rely on microtubules to function,
such as neurons, and can cause debilitating neurotoxicity (Tuxen and Hansen 1994;
Lipton et al. 1989). Targeting proteins that are only utilized during cell division can reduce
such off-target toxicities. Since Eg5 is necessary for spindle formation but is non-essential
during interphase, inhibiting its activity prevents mitotic progression but has no known
effects on non-dividing cells, creating a therapeutic window for treating proliferating
cancer cells (Kapoor et al. 2000).

Many Eg5 inhibitors have been developed that are effective at halting mitosis in
vitro, however none have been successful at reducing tumor burden in patients. One
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hypothesis to explain this discrepancy is that a kinesin-12, KIF15, can compensate for
loss of Eg5 activity (Dumas et al. 2019). Deletion of KIF15 by CRISPR-Cas9 technology
renders cells completely sensitive to Eg5 inhibition, providing rationale for developing
KIF15 inhibitors. We have developed a pipeline to identify novel KIF15 inhibitor scaffolds
since there remains a lack of clinically available drugs to target KIF15 (Dumas et al. 2019;
unpublished data). The methods presented in this chapter can be used to evaluate the
potency and specificity of KIF15 inhibitors in any stage of development, and can be
adapted to screen for and evaluate inhibitors of other kinesins. We first describe an
ATPase assay that can be used to screen drug libraries for potential KIF15 inhibitors in a
high-throughput, cell-free manner. We then detail several assays that are useful for
prioritizing hit compounds by potency and evaluating off-target effects. When modifying
inhibitor scaffolds via medicinal chemistry, these assays are critical for evaluating
changes in effectiveness and specificity compared to the parent compound or other

derivatives.

2.3 Materials
2.3.1 High-throughput screening for small molecules that inhibit the ATPase activity of
KIF15

1. Taxol-stabilized microtubules: 20 yM tubulin, 1X BRB8O (see 2.2 for recipe), 1 mM
GTP, 1 mM DTT. Incubate on ice for 5 min, then at 37° C for 1 hr. Add Taxol
stepwise to a final concentration 20 uM. First add Taxol to 200 nM and incubate
10 min at 37° C, then to 2 uM and incubate 10 min, then to 20 uM and incubate for
a final 15 min. Store at room temp for up to 72 hr.

2. Purified KIF15-N420

3. ADP-Glo Buffer Mix: 10 mM K-HEPES (pH 7.7), 100 mM KCI, 1 mM DTT, 10 mM
MgClz, 5 uM. Can be made fresh or stored at -20° C for up to 1 month prior to
experiment.

4. White polystyrene flat bottom non-binding 384-well microplates (Greiner Bio-One,
781904)

5. ADP-Glo™ Kinase Assay (Promega V6930)

6. DMSO
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7.

Library of small molecule inhibitors

2.3.2 Microtubule gliding assays

1.

5X BRB80: 400 mM K-PIPES (pH 6.8), 5 mM MgClz, 5 mM K-EGTA (pH 7.7)
Dissolve PIPES, MgClz, and EGTA in water, and add KOH pellets until the PIPES
fully dissolves. Measure pH after PIPES dissolves, bring up to 6.8 using 5M KOH,
and adjust water volume.

20 mg/mL Glucose Oxidase (Sigma G-2133) Dissolve in 12 mM K-PIPES, pH 6.8,
2 mM MgClz, 1 mM EGTA, aliquot and freeze in liquid nitrogen and store at -80°
C.

GMPCPP-stabilized fluorescently labeled microtubules: 20 uyM tubulin (see Note
1), BRB80, 1 mM GMPCPP, 1 mM DTT. Incubate on ice for 5 min, then at 37° C
for 1 hr. Store at room temp for up to 72 hr.

Flow cells: place two strips of double-sided tape on a glass microscope slide about
7-10 mm apart and cover with a 18x18 or 22x22 mm glass coverslip

5. Whatman #1 filter paper, cut into small strips
6. Wash buffer: BRB80, 500 ug/mL casein, 1 mM MgATP

9.

Oxygen-scavenging Mix: BRB80, 4.5 mg/mL glucose, 5% B-Mercaptoethanol, 200
pMg/mL Glucose Oxidase, 10% catalase (Sigma C-3155)

Flow Cell Buffer: BRB80, 500 pg/mL casein, 1 mM MgATP, 1X Oxygen-
scavenging Mix

1% Pluronic F-127 in BRB80

10. Purified KIF15-N700

11.Fluorescence microscope capable of time-lapse imaging. We use the Eclipse Ni-

E (Nikon).

2.3.3 Indirect immunofluorescence

1.

Acid-washed round glass coverslips. Heat coverslips in container with 1 M HCI at
55° C for 4 hours. Rinse out with ddH20. Fill container with ddH20 and sonicate in
a water bath sonicator for 30 min; change water and repeat twice. Replace with
50% ethanol and sonicate 30 min. Replace with 70% ethanol and sonicate for 30

min, repeat once. Fill container with fresh 70% ethanol and store.
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2. 6- or 12-well polystyrene tissue culture dishes (Falcon)

3. Humidified chamber for immunofluorescence (IF): line a 150 mm polystyrene
tissue culture dish (Falcon) with parafilm and a damp paper towel.

4. PBS (Gibco)

5. 100% Methanol, chilled to -20° C

6. 3% formaldehyde

7. 1X TBS: 20 mM Tris-HCI, pH 7.6, 13.7 mM NacCl

8. TBST: 1X TBS, 0.1% Triton X-100

9. TBST + 2% BSA. Add 0.1% sodium azide if storing solution.

10.Mounting media: We use ProLong Diamond™ Antifade Mountant (Invitrogen)

11. Antibodies targeting proteins of interest

12.Fluorescence microscope: We use the DeltaVision Elite™ Imaging System (GE
Healthcare) or the Eclipse Ni-E (Nikon)

2.3.4 Live cell imaging

1. 6-, 12-, or 24-well polystyrene tissue culture dishes (Falcon)

2. Glass bottom dishes (MatTek)

3. Leibovitz’s L-15 Medium (Gibco), supplemented with 10% fetal bovine serum, 1%
Penecillin-Streptomycin (10,000 U/mL, Gibco), and 7 mM K-HEPES

4. Microscope capable of time-lapse and DIC imaging. We use either the DeltaVision
Elite, which requires glass-bottom dishes, or the EVOS FL Auto 2 microscope

(Invitrogen), which can image through plastic dishes.

2.4 Methods
2.4.1 ATPase assay

Since kinesins generate force via ATP hydrolysis, many kinesin inhibitors block
kinesin activity by inhibiting ATP hydrolysis, either by competing with ATP binding or
hindering ATP hydrolysis through allosteric mechanisms. Thus, ATPase activity can be
used to screen for molecules that block kinesin activity. We have used this assay in
several high-throughput screens to identify novel KIF15 inhibitor scaffolds. We adapted
the assay to a 384-well plate format, which is well-suited for screening a large panel of
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drugs. Automation with robotics or liquid handling systems minimizes human error and
increases the speed at which 384-well plates can be screened.

For our experiments, we use Promega’s ADP-Glo™ Kinase Assay, which is a
luminescent ADP-detection assay suitable for many different ATPases. To use ADP-Glo,
a reaction is set up where an ADP-generating protein is incubated with its substrate and
a set amount of ATP. ADP-Glo™ Reagent is then added to quench the reaction and
deplete unhydrolyzed ATP, followed by adding the Kinase Detection Reagent to convert
the hydrolyzed ADP back into ATP with a luciferase/luciferin reaction, resulting in
luminescence that can be quantified and correlated with ATPase activity. Thus, higher
luminescence readout signals higher ATPase activity. When screening small molecules,
hits can be defined as compounds that decrease the luminescence readout below a
certain threshold.

In the case of our KIF15 inhibitor screen, we used a recombinant dimeric construct
(N420) comprised of the motor domain, neck linker, and a portion of the first coiled-coil to
mediate dimerization (Dumas et al. 2019). It is important to test the specific activity of
each KIF15 protein prep and use the same prep for the screen if possible, as activity may
vary between preps. The substrate in our case is Taxol-stabilized microtubules. In our
screen, we used a high concentration of ATP to bias our hits towards being allosteric
inhibitors rather than ATP-competitive inhibitors; using a lower ATP concentration would
increase the odds of isolating inhibitors that compete with the ATP-binding pocket.

Prior to conducting a high-throughput screen, it is critical to establish the
robustness and dynamic range of the assay. A Z'-factor can be extracted using a 384-
plate in which the locations of positive and negative controls are known. For our work with
KIF15 inhibitors, we omit ATP as a positive control, representing complete inhibition of
KIF15 activity. The compound GW406108X, a known sub-micromolar KIF15 inhibitor
(Dumas et al. 2019), can also be used as a positive control. For a negative control, we
use the same conditions as our regular assay (motor, substrate, ATP) but with DMSO
added instead of a compound; this represents the baseline ATPase levels of our reaction.
Using results from the positive and negative controls, the Z'-factor can be calculated to
describe the dynamic range and variation of the assay, and thus the accuracy of the assay
in identifying hits. The Z'-factor is calculated using the equation:
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where oc+ and oc- represent the standard deviations of the positive and negative
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control data, and pc+ and pc- represent the means (Zhang, Chung, and Oldenburg 1999).

In general, larger Z’-factors signal higher quality of the assay and better confidence in the

prediction of hits. We typically obtain Z'-factor scores of ~0.75, which is above a

recommended cut-off of 0.5.

1.

Polymerize taxol-stabilized microtubules following recipe in Materials section (see
Note 2).

Make ADP-Glo Buffer Mix following recipe in Materials section (see Note 3) and
thaw reagents from ADP-Glo kit (ATP, ADP-Glo reagent, Kinase Detection
Reagent). Dilute microtubules to 5 pM and purified motor to appropriate
concentration (see Note 4) in Buffer Mix to make Microtubule + Motor Mix.

Add 10 pL of Microtubule + Motor Mix to each well of a 384-well plate using a liquid
dispenser (see Note 5), and quickly centrifuge for 30 sec at 1000 rpm to ensure
liquids are in the bottom of the well.

Using a Pin Tool, add compound to each well to the desired concentration and
incubate for 15 min. For negative control wells, add DMSO or another vehicle
control. If necessary, compound can be added before M+M Mix, but we find it
easier to add a small volume to the 10 pL of mix.

Add 10 uL of ATP Mix to each well of the plate except for the positive control wells.
To these wells, just add 10 yL of ADP-Glo Buffer Mix with no ATP added. Gently
shake plate to mix and incubate 20 min.

Add 5 uL of ADP-Glo reagent to each well of plate; gently shake and incubate 40
min.

Add 10 pL of KDR to each well of plate to quench the reaction. Gently shake and

incubate 30 min.

. After final incubation with KDR, image plate(s) as soon as possible on a plate-

reading luminometer (see Note 6).

Analyze data, making sure to subtract the average background intensity from the

negative control wells. The Z'-factor can be calculated from the positive and
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negative control results as a measure of how accurate the assay is at detecting
hits.

2.4.2 Microtubule gliding assay

This assay is a useful way to quantify on-target activity of KIF15 inhibitors in an in
vitro setting. In this assay, KIF15 is first introduced into a flow cell, where it non-specifically
associates with the slide and coverslip. Fluorescent microtubules are then infused into
the flow cell, where they associate with the immobilized kinesin. Time-lapse imaging of
flow cells using a fluorescence microscope enables visualization of microtubules being
moved by stationary kinesin. Time lapse movies can be analyzed to quantify several
parameters in response to drug treatment, including number of microtubules bound to the
coverslip by motor, the percentage of bound microtubules that are moving, and the
velocity of gliding microtubules. Reduction in any of these variables in response to drug
treatment is an indication of on-target activity, and can provide information about the
mechanism of action of the inhibitor. For example, high levels of stationary microtubules
could indicate a rigor drug, whereas a reduction in microtubule binding might result from
a drug that causes KIF15 to be trapped in an ADP-bound state, and therefore has a low
affinity for microtubules. Since this is a cell-free assay, variables such as cell permeability
or drug metabolism will not affect results.

In the case of KIF15, we use a different recombinant dimeric construct, N700, that
includes the motor domain and the microtubule-binding Coil-1 region (Sturgill et al. 2014);
both regions contribute to the recruitment of microtubules to the coverslip. KIF15-N700
lacks the C-terminal half of the 3 b

full-length protein, eliminating 0 0 =3

autoinhibition (Sturgill et al. 20 20
2014). We find that our preps of

KIF15-N700 typically produce a

40 40

gliding velocity of 7 uM/min. We 60 60

also use X-rhodamine-labeled sec

GMPCPP-stabilized Fig. 2.1 Microtubule gliding assay. Images taken from a gliding
assay using X-rhodamine-labeled microtubules and KIF15-N700.

microtubules as our substrate. Assay was performed in the presence of (a) DMSO, or (b) a
preliminary KIF15 inhibitor. Scale bar represents 5 pm.
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We find that stabilizing with GMPCPP produces shorter microtubules than Taxol, which
is better for visualizing gliding and reducing crowding on the coverslip. When
incorporating labeled tubulin in the polymerization reaction, it is important to consider the
labeling stoichiometry to obtain sufficient fluorescence. With our X-rhodamine-labeled
tubulin that had a labeling stoichiometry of roughly 0.16 (one out of six tubulin subunits
was labeled), we diluted this at a ratio of 1:4 with unlabeled tubulin when polymerizing
our fluorescent microtubules.

This assay, as well as the previously described ATPase assay, can also be used
to evaluate the specificity of kinesin inhibitors by testing against other kinesins rather than
the kinesin targeted by the drug. If a drug is truly specific for the kinesin of interest, there
should be little to no effect on ATPase activity or microtubule motility when tested against

other motors.

1. Polymerize GMPCPP-stabilized microtubules following recipe in the Materials
section.

2. Construct flow cells. Flow cells can be made several ways, but the most common
way is to attach a coverslip to a glass microscope slide using double-sided tape.
Place two narrow strips of double-sided tape on a glass slide about 7-10 mm apatrt,
and cover with a 18x18 or 22x22 mm glass coverslip, pressing gently on coverslip
edges to ensure a tight seal between the tape and glass. This results in a 15-20
ML flow cell with two open sides. Solutions should be pipetted in one side of the
flow cell and removed from the other side by capillary action using Whatman filter
paper.

3. Make the buffers needed for this assay (Wash Buffer, Flow Cell Buffer, and
Oxygen-Scavenging Mix) as described in Materials section (see Note 7).

4. Dilute motor to the desired concentration in Wash Buffer (see Note 8) and pipette
20 uL into one side of the flow cell. Incubate for 3 min. Motor should be thawed
immediately prior to assay and used fresh.

5. Wash excess motor out with 60 uL of Wash Buffer, removing buffer from the other
side of the flow cell with a small piece of Whatman paper.

6. Block excess protein binding sites with 20 pyL of 1% Pluronic F-127 in 1X BRB80.

Incubate in flow cell for 1 min. Wash with 60 pL of Wash Buffer.
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7. Dilute fluorescent microtubules to 1 yuM in Flow Cell Buffer. Pipette 20 uL into flow
cell and incubate for 3 min.

8. Wash excess microtubules out with 60 uL of Flow Cell Buffer. If testing a drug, first
dilute it to the desired concentration Flow Cell Buffer and then pipette in 60 pL of
the solution.

9. Immediately following, image microtubule gliding on a fluorescence microscope
using a 100X oil objective. We find that doing time lapse imaging over 1 minute
taking images every 5 seconds results in data for easy quantifications of velocity.
Fig. 2.1 shows representative images taken from gliding assays with rhodamine-
labeled microtubules and KIF-N700, tested with a DMSO control and a KIF15
inhibitor that completely stops gliding.

2.4.3 Immunofluorescence assay

Staining fixed cells with fluorescent antibodies and analyzing them under the
microscope is a useful way to quantify changes in protein levels and localization of the
target protein in response to drug treatment, as well as observing spindle assembly
defects. Drugs that inhibit kinesins necessary for spindle assembly, such as Eg5 and
KIF15, should result in an increase in monopolar mitotic spindles rather than bipolar
arrays (Fig. 2.2). Thus, staining for tubulin and DNA allows easy characterization of
spindle geometries and quantification of the monopolarity index, and enables visualization
of other mitotic errors such as lagging chromosomes or micronuclei. Additionally, staining

for the
Kif15 Tubulin Merge Kif15 Merge

Fig. 2.2 Spindle morphology and kinesin localization. (a)
RPE-1 cell treated with DMSO showing a bipolar spindle. (b)
RPE-1 cell treated with STLC, an Eg5 inhibitor, showing a
monopolar spindle. (c) RPE-1 cell stained for KIF15. Areas 1
and 2 represent measurements taken of KIF15 intensity on the
spindle (1) and background fluorescence (2). Scale bars
represent 10 um.

DMSO

STLC
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targeted kinesin itself can report changes in kinesin localization. Some kinesin inhibitors
may decrease levels of kinesin on the spindle, whereas others might lock it onto the
spindle in an immotile state.

In the case of KIF15 inhibitors, it is necessary to test inhibitors in cells that divide
in an Eg5 independent manner since KIF15 is not necessary for spindle assembly in the
presence of Eg5 (Tanenbaum et al. 2009). We have developed Eg5-independent cell
lines called KIRCs (Kinesin-5 Inhibitor Resistant Cells) from both HeLa and RPE-1
parental lines that are cultured in the presence of 10 uM S-trityl-L-cysteine, a well-
characterized Eg-5 inhibitor (Debonis et al. 2004; Sturgill et al. 2016). In the absence of
Eg5, these cells use KIF15 to drive spindle assembly. Thus, treating KIRCs with KIF15
inhibitors results in an increase in the prevalence of monopolar spindle arrays. KIRCs
typically have a baseline monopolarity index (MPI) that is roughly 50% since KIF15 is less
efficient than Eg5, but a potent KIF15 inhibitor can increase the MPI to 100%. Treating
the parental cell line with the same inhibitor can serve as a readout on inhibitor specificity
as well, as cells with functional Eg5 should show little to no change in spindle assembly
when KIF15 is inhibited.

1. Seed cells onto acid-washed coverslips. When roughly 70% confluent, place into
6-12 well plates and treat as necessary (with compound of interest or control) for
desired time, usually overnight.

2. On the day of the experiment, prepare a humid chamber lined with Parafilm by
fixing a sheet of Parafilm to the bottom of a 150 mm dish, and placing a damp
paper towel around the side of the dish. The dish should be covered by a lid during
all washing and incubation steps to prevent dehydration of coverslips.

3. Remove coverslips from plate with forceps and wash with PBS. If fixing with
methanol, place coverslips cell-side up in a 6-12 well plate containing 100%
methanol. Incubate at -20 °C for 10 minutes and then place cell-side up on parafilm
in a 150 mm dish. If fixing with formaldehyde, place coverslips cell-side up on
parafilm in a 150 mm dish and cover with 3% formaldehyde for 10 min at room
temperature. Aspirate formaldehyde solution and permeabilize with TBS + 0.5%
Triton X-100 for 10 min at room temperature (see Note 9). The remainder of steps

all occur at room temperature unless specified for a certain antibody.
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Rehydrate coverslips by rinsing 3 times quickly with TBST, then washing 3 x 5 min
with TBST.
Block coverslips with 2% BSA in TBST for 10 min.

6. Dilute primary antibodies in 2% BSA in TBST to desired concentration. Rinse

10.

11.

12.

coverslips 3x and wash 3 x 5 min with TBST. Add 75 pL primary antibody solution
to each coverslip and incubate for 1 hr at room temperature.
Dilute secondary antibodies 1:2000 in 2% BSA in TBST. Rinse coverslips 3x and
wash 3 x 5 min with TBST. Add 75 uL secondary antibody solution to each
coverslip and incubate for 45 min at room temperature.
Dilute conjugated primary/secondary antibody 1:500 in 2% BSA in TBST. For our
experiments, we use a mouse monoclonal anti-a Tubulin antibody (DM1a)
conjugated to FITC. Rinse coverslips 3x and wash 3 x 5 min with TBST. Add 75
uL primary/secondary antibody solution to each coverslip and incubate for 30 min
at room temperature.
Dilute counterstain 1:2000 in 2% BSA in TBST. For our experiments, we use
Hoechst 33342. Rinse coverslips 3x and wash 3 x 5 min with TBST. Add 75 uL
counterstain solution to each coverslip and incubate for 5 min at room temperature.
Prepare glass slides for mounting. Clean with 75% ethanol and place a small drop
of mounting solution on slide. For our experiments, we use ProLong Diamond
Antifade Mountant and mount two coverslips per slide.
Rinse coverslips 3x and wash 3 x 5 min with TBST. Aspirate as much TBST as
possible. Pick up coverslips with forceps and blot excess TBST with the edge of a
Kimwipe. Gently place cell-side down onto drop of mounting solution on slide.
Carefully aspirate excess mountant from edges of coverslip. Let slides cure
overnight protected from light before analyzing on microscope.
Image coverslips using a fluorescence microscope. To measure the monopolarity
index of cells treated with kinesin inhibitor, it is easier and more efficient to view
cells under the microscope and categorize mitotic spindles as monopolar or bipolar
while viewing, rather than taking images and categorizing cells from the images.
View cells using the 60x objective at 488 nm (using the FITC channel) and scan
back and forth across the coverslip, making sure to not double count cells, and
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categorize the spindles of mitotic cells as “monopolar’, “bipolar’, or
“‘multipolar/other”. Examples of monopolar and bipolar spindles of RPE-1 cells
treated with an Eg5 inhibitor can be seen below in Fig. 2.2.

13.To measure kinesin localization on the spindle, view cells and select a mitotic cell
in metaphase. Using the 60x objective, acquire a z-stack image from the bottom
to the top of the cell taking images every 0.2-3 ym and using the three fluorescent
channels corresponding to the antibodies used. Images can be opened using a
software such as ImageJ and relative amounts of kinesin on the spindle can be
guantified by measuring fluorescence intensity part of the spindle and subtracting
the background fluorescence intensity from an area adjacent to the spindle, as
shown in Fig. 2.2b. It is important to use fluorescence from the same number of
pixels for the spindle and background regions. This can be accomplished
computationally, for example, by multiplying the fluorescence intensity of a smaller
background region-of-interest (ROI) with a correction factor that equates the
background ROI with that used to measure the fluorescence intensity of the target

protein.
2.4.4 Live cell imaging

Live cellimaging is a powerful tool to characterize dynamic cellular processes such
as cell division. By following individual dividing cells over the course of multiple hours,
various aspects of mitosis can be characterized and quantified, such as metaphase
duration, spindle dynamics and oscillations, or failed mitosis. Assessing these
characteristics in cells can be instrumental in characterizing on- and off-target effect of
kinesin inhibitors and selecting compounds to prioritize when evaluating hits from a
screen. For example, we found that treating RPE-1 cells with one of our preliminary KIF15
inhibitors resulted in increased
metaphase duration and spindle

oscillations during this stall,

suggesting off-target effects that

Fig. 2.3 Representative images of distinct mitotic phases of an
RPE-1 cell. (a) Interphase cell beginning to round up. (b) Beginning .

of metaphase directly after nuclear envelope breakdown (c) previous
Anaphase onset. Scale bar represents 10 um.

we had not observed with our

immunofluorescence
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assays. This assay can also be adapted to track the localization or expression of

fluorescently-tagged or photoactivatable proteins.

1.

Seed cells in an appropriate container to perform live cell imaging on your
microscope (see Note 10). Grow cells to 70-80% confluency.

On the day of the experiment, replace media on cells with one suitable for long-
term imaging, such as Leibovitz’s L-15 media with no phenol red, supplemented
with 10% FBS and 7 mM HEPES. L-15 is formulated to support cell growth without
CO:z2 equilibration.

3. Warm microscope to 37°C.

4. Place plate or dish on the microscope and focus using transmitted light with the

appropriate objective (see Note 11). If only imaging mitotic progression,
transmitted light or differential interference contrast (DIC) imaging is sufficient.
Set up an automated scan protocol. Mark points or areas to be imaged that contain
~70-80% confluent cells. If cells are too sparse or overgrown, the likelihood of
multiple cells in the field of view going through mitosis during the imaging time
decreases. If imaging multiple wells in a dish, mark points in each well. If you want
to collect images from multiple focal planes, mark the top and bottom of the cells
in the field of view to set a Z-stack.

Set the time lapse and total imaging duration and run the imaging protocol (see
Note 12).

Analyze images to quantify mitotic duration. If time-lapse images are not
automatically compiled into a video format, they can be concatenated using an
image analysis software such as ImageJ. Select cells to analyze that are entirely
in the field of view and that are captured entering and exiting mitosis. Measure the
time from the cell entering mitosis to the beginning of anaphase when the
chromosomes start to separate. Fig. 2.3 shows representative images of a cell
before entering mitosis, just after nuclear envelope breakdown, and at anaphase

onset.

2.5 Notes
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. We incorporate X-rhodamine-labeled tubulin, diluted with unlabeled tubulin, into
our microtubules to render them fluorescent. Tubulin can be labeled by a variety
of dyes, but the labeling stoichiometry of tubulin should be taken into account when
determining the optimal ratio of labeled to unlabeled tubulin. For tubulin that is
labeled to a stoichiometry of ~0.5, we use a ratio of 1 part labeled tubulin to 9 parts
unlabeled tubulin.

. Microtubules should be polymerized at least one day prior to performing the assay;
microtubules will be good for 1-3 days following polymerization, but may increase
in length over time through end-to end annealing.

. ADP-Glo Buffer Mix may be made fresh or stored at -20° C for up to 1 month and
thawed immediately before using.

. We use KIF15-N420 at a final concentration of 100 nM. Protein prep should be
tested for specific activity prior to screen as activity may vary between preps and
concentration may need to be modulated.

. We use the Multidrop™ Combi Reagent Dispenser (ThermoFisher Scientific).

6. We use the 2104 Envision Multilabel Plate Reader (PerkinElmer).

. Oxygen-Scavenging mix should be made fresh and added to FCB right before
beginning the assay and will last for 1-2 hr.

. We use undiluted KIF15-N700 from a protein prep that was 0.4 mg/mL. If
concentration is much higher, it should be diluted to ~0.5 mg/mL, or titrated to find
an optimal concentration that results in sufficient microtubule binding without
generating fields of view that are overcrowded with microtubules.

. The fixation method should be chosen based on the antibodies being used and the
structures being imaged. Alcohol fixation is advantageous for immunofluorescence
as it can result in high immunoreactivity paired with low levels of background or
non-specific staining, but can alter cellular structures such as microtubules.
Aldehyde fixation is better at preserving structures, but can have higher
background reactivity and is inefficient at permeabilizing membranes (Hobro and
Smith 2017). Additionally, certain primary antibodies work better with one method,
thus optimization of fixation method is key.
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10.For microscopes that can image through plastic, 6- or 12-well dishes work well for
collecting data from multiple test conditions. For instruments that can only image
though glass, MatTek glass-bottom dishes can be used, but multiple conditions
must be split into individual experiments.

11.We use a 20X objective to retain enough resolution to identify mitotic phases, but
increase the number of cells that can be imaged in the field of view.

12.The total imaging time should account for how long it will take for cells to progress
from prometaphase through cytokinesis. For example, in our experiments cells are
often stalled in metaphase for 4-5 hours; thus, imaging for at least 6 hours total is
appropriate. When setting the time lapse, or duration between images, consider
how many images must be acquired per time point and how photodamaging the
imaging is. We find that imaging every 5 minutes using DIC is often enough to

visualize distinct mitotic phases minimizing photodamage.
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3.1 Abstract

Mitosis is the cellular process that ensures accurate segregation of the cell's
genetic material into two daughter cells. It is often deregulated in cancer, and as such
drugs that target mitosis-specific proteins represent attractive targets for anticancer
therapy. Numerous inhibitors have been developed targeting Eg5, a kinesin essential for
bipolar spindle assembly; however, these drugs have been largely ineffective in the clinic,
possibly due to the activity of a second kinesin, KIF15, that can suppress the cytotoxic
effect of Eg5 inhibitors by driving spindle assembly through an Eg5-independent pathway.
We hypothesize that pairing inhibitors of Eg5 and KIF15 will be more cytotoxic than either
inhibitor alone. Here, we present the results of a high-throughput screen from which we
identified two inhibitors that potently inhibit the motor activity of KIF15 both in vitro and in
cells. These inhibitors selectively inhibit KIF15 over other molecular motors, and show
different effects on the ability of KIF15 to bind microtubules. Finally, we find that chemical
inhibition of KIF15 reduces the ability of cells to acquire resistance to K5Is, highlighting
the centrality of KIF15 to K5I resistance and the value of these inhibitors as tools with

which to study KIF15 in a physiological context.
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3.2 Introduction

Mitosis is the process by which chromosomes are segregated into two daughter
cells. The complexity of cytoskeletal dynamics and signaling pathways during mitosis
make it challenging to understand its molecular underpinnings and how forces within the
spindle are integrated to promote accurate chromosome segregation. For example,
although it is clear that a mitotic kinesin, Kif11/Eg5 (Eg5), and cytoplasmic dynein are the
primary motors that organize microtubules into the mitotic spindle, other molecular motors
can substitute for Eg5 and dynein; simultaneous inhibition of both Eg5 and dynein leads
to the formation of a bipolar spindle that can segregate chromosomes, albeit with reduced
fidelity (Mitchison et al. 2005). In this case, two additional mitotic kinesins - KIF15 and
KifC1/HSET - substitute for Eg5 and dynein, respectively (Tanenbaum et al. 2009;
Vanneste et al. 2009; Mountain et al. 1999; Hentrich and Surrey 2010). Moreover, motors
and other microtubule-associated proteins (MAPS) link spindle microtubules in ways that
are poorly understood, creating a network of interactions that collectively define systems-
level properties of the mitotic spindle. These aspects of mitosis prevent conventional
approaches such as RNA interference or gene deletion from painting a complete picture
of mitotic mechanisms, and underscore the importance of orthogonal approaches, e.g.,
laser microsurgery(Maiato, Rieder, and Khodjakov 2004) and small molecules (Kapoor et
al. 2000), in the study of mitosis. In addition, the complexity of mitosis has made it a
challenging process to target in the context of cancer.

The importance of Eg5 during spindle assembly has made it a major target for anti-
mitotic drugs. Eg5, a member of the kinesin-5 family, is a homo-tetrameric plus-end-
directed motor that participates in spindle assembly by sliding anti-parallel microtubules
apart (Kashina et al. 1996; Kapitein et al. 2005). The archetypal Eg5 inhibitor (K5I)
monastrol blocks centrosome separation, yielding a preponderance of monopolar
spindles (Mayer et al. 1999). Studies with monastrol and other K5Is have uncovered
fundamental knowledge of mitosis including the correction of flawed kinetochore-
microtubule attachments (Khodjakov et al. 2003; Lampson et al. 2004), the basis of
spindle bipolarity maintenance in mammalian cells (Kapoor et al. 2000), and the discovery
that KIF15 can substitute for Eg5 during spindle assembly (Tanenbaum et al. 2009;
Vanneste et al. 2009). In the realm of cancer therapy, >50 K5Is have been developed and
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many of them have been subjected to both pre-clinical studies and clinical trials. Although
K5Is induce apoptosis of cultured cells as a result of failed mitoses (Kapoor et al. 2000),
K5Is have performed poorly in Phase | and Il clinical trials, failing to induce tumor
regression (Marzo and Naval 2013). Several hypotheses have been posed to explain this
disparity in results, including problems with drug uptake or efflux(Gampa et al. 2020),
dosing schedules that were too infrequent to effectively treat the tumors (Komlodi-Pasztor
et al. 2011), or the ability of cells to use an alternative spindle assembly pathway that
depends on KIF15 (Tanenbaum et al. 2009).

An ability of mammalian cells to switch to KIF15-dependent spindle assembly
pathway in the presence of K5Is is supported by several lines of evidence. Tanenbaum
et al showed that overexpression of the mitotic kinesin KIF15 is sufficient to restore bipolar
spindle assembly in Eg5-inhibited or -depleted cells (Tanenbaum et al. 2009). In addition,
we and others showed that cells can accumulate genetic changes that allow KIF15 to
substitute for Eg5 in spindle assembly when cultured in the presence of K5Is. Known
changes that drive resistance to K5Is include 1) Mutation of Eg5 itself (Kasap, Elemento,
and Kapoor 2014), 2) Overexpression of KIF15 (Tanenbaum et al. 2009; Sturgill and Ohi
2013), and 3) Mutations in protein factors that allow KIF15 to bind the spindle more
efficiently (Raaijmakers et al. 2012; Sturgill et al. 2016). The central role of KIF15 in
mediating these resistance pathways suggests that KIF15 is essential for cells to acquire
resistance to K5Is. Indeed, removal of KIF15 via CRISPR-Cas9 technology completely
abrogates K5I resistance in HelLa cells, an effect that can be rescued by overexpression
of exogenous KIF15 (Sturgill et al. 2016). This provides evidence that KIF15 is both
sufficient and necessary for spindle assembly in the absence of functional Eg5, which in
turn creates a therapeutic window for KIF15 inhibitors as a potential chemotherapeutic
when paired with a K5I.

Unfortunately, the field lacks a well-characterized selective chemical inhibitor of
KIF15 with which to test this hypothesis. We previously described a pipeline to screen for
KIF15 inhibitors, and utilized this platform to identify GW108X, an oxindole that inhibits
multiple kinases as well as KIF15 (Dumas et al. 2019). Although GW108X has already
proven useful to investigate kinetochore-microtubule organization in the mitotic spindle
(Begley et al. 2021), we have continued our efforts to identify new KIF15 inhibitor scaffolds
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by high throughput screening. Here, we report two new KIF15 inhibitors, Munesib-1 and
Fiftin. We show that these molecules selectively block KIF15 activity in vitro, as well as in
cells that rely on KIF15 to progress through mitosis. Similar to GW108X, our new inhibitors
work via an allosteric mechanism rather than by targeting the ATP-binding pocket, but
they offer the advantage that they do not suffer from off-target effects that we observe
with GW1086, which presumably stem from its anti-kinase activity. Lastly, we show that
Fiftin synergizes a K5I to reduce the occurrence of K5I resistance. Collectively, Munesib-
1 and Fiftin represent valuable tools for the scientific community with which to assay

spindle mechanics in real-time.

3.3 Results
3.3.1 Identification of two potent KIF15 inhibitors via high-throughput screening

To identify new small molecule inhibitors of KIF15, we screened the Maybridge
24K Library of Small Molecule Inhibitors using a pipeline we described previously(Dumas
et al. 2019). In brief, this in vitro cell-free assay uses a luciferase reaction to couple
ATPase activity to luminescence that is quantifiable by a plate-reader (Fig. 31A). We used
KIF15-N420, a minimal dimer construct that exhibits microtubule-stimulated ATPase
activity (Fig. S3.1A-B), as the ATPase and taxol-stabilized microtubules as the substrate.
In this assay, exclusion of ATP provides an idealized upper limit of 100% inhibition that
would result from exposure to a perfect inhibitor. For a negative control, we included ATP
but no compounds, a condition that yields the baseline ATPase activity of uninhibited
motor.

Before screening, we ran several initial tests to determine the robustness of our
assay. First, we determined that the final luminescence signal was adequately stable over
60 min (Fig. S3.1C). Next, we tried varying the concentration of motor used in the assay
(Fig. S3.1D). Higher concentrations of KIF15 produced higher luminescence and greater
separation between the readouts of the positive and negative controls. We thus, we
elected to use a high concentration of enzyme (100 nM) for screening. Lastly, we tested
our previously identified KIF15 inhibitor, GW108X (Dumas et al. 2019), in this assay (Fig.
S3.1D). As expected, addition of 20 pM GW108X to 100 nM KIF15 resulted in a 41%

decrease in luminescence compared to the control, validating our assay. Lastly, we
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Fig. 3.1: Overview of KIF15 inhibitor screen. A) Schematic of ADP-Glo™ Kinase Assay used for screening. (i)
KIF15-N420 is incubated with taxol-stabilized microtubules and 20 uM ATP (orange); ATP is hydrolyzed to ADP
(yellow) via KIF15’s ATPase activity; unhydrolyzed ATP is depleted by the ADP-Glo™ reagent; ADP is converted
back into ATP by the Kinase Detection Reagent (KDR), which is coupled to a luciferase reaction to produce
quantifiable luminescence (green). (ii) In the presence of a KIF15 inhibitor, KIF15’s ATPase activity is reduced,
resulting in less luminscence produced downstream. B) Results of the initial round of screening of 23,552 compounds
from the MB 24K library, quantifying the % inhibition of KIF15 compared to the control. Each dot represents one
compound. The red bar represents the 20% inhibition threshold above which hits were deemed active against KIF15.
The results of Munesib-1 and Fiftin are indicated in green and blue, respectively. C) Results of the confirmation screen
of 1,330 compounds. Each dot represents the average % inhibition of three replicates for each compound. As in B,
the red bar indicates the threshold above which hits were deemed active. D) Results of the counterscreen of 864
compounds tested against Hexokinase. Compounds that resulted in between 0 to 20% inhibition of Hexokinase were
deemed inactive, indicated by the red bars. E) Average microtubule gliding velocity of KIF15-N700 for each of the 25
compounds tested. DMSO was used as a negative control, 30 uM GW108X was used as a positive control. Each
compound was tested in singlicate with n=10.

calculated the Z’ value of the assay, a statistical measure of effect size used to quantify
the robustness of an assay. By running roughly 200 samples each of positive and

negative controls, we determined the Z’' value to be 0.71 (Fig. S3.1E); as a Z' between
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0.5 and 1 is interpreted as an excellent assay, a Z’ of 0.71 indicates our assay is suitable
for identifying KIF15 inhibitors.

In the first round of screening, we queried 23,552 compounds from the Maybridge
24K library, a collection containing chemically diverse small molecule compounds (Fig.
3.1B). As our positive control GW108X showed roughly 40% inhibition in this assay (Fig.
S3.1D), we set the threshold above which to define “hits” at a conservative 20% inhibition
of KIF15’s ATPase activity, indicated by the red bar in Fig. 3.1B. The average Z’ value for
the assay plates was 0.82, indicating that our screening data were reliable. 1,330
compounds showed 20% or greater inhibition of KIF15 and were then screened in
triplicate in a “confirmation screen” (Fig. 3.1C). Of 1,330 compounds re-tested, 864
confirmed an average percent inhibition of greater or equal to 20%.

Compounds that passed the confirmation screen were then subjected to a
“counter-screen”, wherein they were tested against a different ATPase using the same
ADP-Glo assay (Fig. 3.1D). We selected hexokinase, an enzyme that phosphorylates six-
sugar carbons in the first step of glycolysis (Wilson 2003), as a nhon-specific ATPase due
to its highly distinct structure and function compared to KIF15. The purpose of counter-
screening was to eliminate any promiscuous compounds that have non-specific activity
against ATPases; thus, we set the criteria for this round to include any compounds
showing between 0 and 20% inhibition of hexokinase activity. Of 864 compounds tested,
502 exhibited no inhibitory activity against hexokinase.

From this list of 502 compounds that showed specific activity against KIF15, we
further eliminated any compounds known for binding promiscuously or containing
residues that are reactive or toxic in vivo. We then ranked the remaining compounds that
passed the counter-screen by their activity against KIF15 and selected the 120 most
potent compounds for concentration-response analysis testing. 95 of the 120 compounds
tested showed a concentration response relationship suggesting that the molecules were
not inhibiting KIF15 through a non-specific mechanism, e.g., enzyme sequestration. 25
of these compounds were then selected for further testing using microtubule gliding
assays.

For gliding assays, we used a longer dimeric KIF15 construct, KIF15-N700, which
powers robust microtubule movement (Sturgill et al. 2014). Of the 25 compounds tested,
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we identified several that robustly inhibit the microtubule gliding ability of KIF15 at 30 uM
(Fig. 3.1E). We selected two compounds for further testing and designated them as
Munesib-1 and Fiftin (Fig. 3.2A). These two compounds were chosen due to their strong
activity and their favorable concentration response curves using the ATPase assay; the

ICs0 values of Munesib-1 and Fiftin were 2 and 26 pM, respectively.
3.3.2 Munesib-1 and Fiftin are potent and specific KIF15 inhibitors

Concentration-response analysis via microtubule gliding assays yielded ICso
values of 0.4 and 5 uM for Munesib-1 and Fiftin (Fig. 3.2B-D), which are lower than those
from the ATPase assay but still reflect an order of magnitude of difference between the
two compounds. Since the ATPase assay tests the properties of single motors whereas
the microtubule gliding assay tests ensembles of motors, it is not unexpected to obtain
different estimated 1Cso values from these two methods.

Both compounds have a relatively low ‘lead like’ molecular weight (351 and 312
respectively). This makes them both amenable to Medicinal Chemistry optimization, thus
allowing significant headroom for incorporation or modification of functional groups. From
a purely structural point of view, compound Munesib-1 is the preferable scaffold for
optimization due to its already low ClogP (2.14 vs. 5.68, calculated vis ChemDraw®) and
readily modifiable carboxylic ester and 2-thiomethyl substituted pyrimidine. Compound
Fiftin is significantly more lipophilic, and thus is more limited in selection of modifications
due to the need to, at the very least, maintain lipophilicity at its current level.

To assess the reversibility of Munesib-1 and Fiftin, we performed washout
experiments using the microtubule gliding assay. We imaged microtubule-gliding of
KIF15-N700 for one minute, then added either DMSO or a KIF15 inhibitor to the flow-cell
and imaged gliding for another minute, and then washed out the inhibitor and imaged for
one final minute (Fig. 3.2E). Microtubule gliding velocity was unaffected by the addition
or removal of DMSO. Gliding was fully abrogated by the addition of Munesib-1 to the flow
cell, but gliding velocity was nearly restored to baseline after its removal, indicating that
Munesib-1 is a reversible inhibitor. However, gliding was still inhibited by >90% after

washout of Fiftin, which suggests that Fiftin is not reversible. From this assay, it is not
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Fig. 3.2: Munesib-1 and Fiftin potently inhibit Kif15 both in vitro and in cells. A) Chemical structures of Munesib-
1 (top) and Fiftin (bottom). B) Representative montage of a fluorescently-labeled stabilized microtubule in gliding
assay utilizing KIF15-N700, treated with either DMSO (left) or 24 pM Munesib-1 (right). Time of each frame is
indicated on the left in seconds. Scale bar, 5 um. C) Concentration response curve (CRC) generated from microtubule
gliding assays with Munesib-1 over a range of 8 concentrations from 10 nM to 30 uM. Each concentration was
repeated in triplicate, n = 50 for each replicate. D) CRC generated from gliding assays with Fiftin over a range of 8
concentrations from 10 nM to 100 uM. Each concentration was repeated in triplicate, n = 50 for each replicate. E)
Representative montage of a microtubule from a washout assay with the addition of either DMSO (left), 24 pM
Munesib-1 (middle), or 100 uM Fiftin (right). Microtubule motility is shown before drug was added ("Pre Wash-in”,
top), after drug was added ("Wash-in”, middle), and after drug was washed out ("Wash-out”, bottom). Time elapsed
from the first frame of each phase is indicated on the left in seconds. Scale bar, 5 pm. F) Quantification of washout
experiment showing % inhibition of gliding velocity of KIF15 after addition of drug ("Wash-in”, solid bars) and after
washout of drug ("Wash-out”, hatched bars) for the addition and washout of DMSO, 24 yM Munesib-1, or 100 uM
Fiftin. Each compound was tested in duplicate, n = 20 for each replicate. G) Max intensity z-projections of RPE-1
cells (left) and KIRCI-1 cells (right) treated with either DMSO or 50 uM Munesib-1. Cells were stained with antibodies
targeting KIF15 (red) and tubulin (green), and were counterstained with Hoecsht-33342 (blue). Scale bar, 5 um. H)
Quantification of pre-anaphase spindles in either monopolar or bipolar states in RPE-1 (left) or KIRC-1 (right) cells
treated with increasing concentrations of Munesib-1. Concentration is indicated on the bottom of each bar in pM.
Each concentration was tested in triplicate, n = 100 for each replicate. Error bars show SEM. I) Quantification of pre-
anaphase spindles in either monopolar or bipolar states in RPE-1 (left) or KIRC-1 (right) cells treated with increasing
concentrations of Fiftin. Concentration is indicated on the bottom of each bar in uM. Each concentration was tested
in triplicate, n = 100 for each replicate. Error bars show SEM.

possible to determine whether Fiftin actually binds to KIF15 in a chemically irreversible

way, or if it dissociates very slowly from its target site on the motor.
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We next analyzed the effects of Munesib-1 and Fiftin on spindle assembly in cells
by quantifying the number of monopolar spindles in TP53” RPE-1 and KIRC-1 cells
(Sturgill and Ohi 2013) that have been treated with the compounds. KIF15 is non-
essential in cells when Eg5 is present, and KIF15 inhibitors should therefore have little to
no effect on RPE-1 cells. However, RPE-1-derived KIRC-1 cells are cultured in saturating
amounts of a K5I, and depend on KIF15 for their Eg5-independent spindle assembly
pathway (Sturgill and Ohi 2013). Thus, inhibition of KIF15 should block spindle assembly
in KIRC-1 cells, resulting in an increase in monopolar pre-anaphase structures (Fig.
3.2E). Both compounds had little effect on spindle morphology in RPE-1 cells (Fig. 3.2F-
G), but caused KIRC-1 cells to have a concentration-dependent increase in the
monopolar index relative to cells treated with DMSO. Notably, treatment with Fiftin
produced nearly 100% monopolar spindles at 25 uM (Fig. 3.2G), whereas the effects of
Munesib-1 were comparatively modest, even when the compound was present at 75 uM
(Fig. 3.2F). This behavior is opposite of the trend we observed in vitro, and we
hypothesized that Munesib-1 may be less effective in cells due to reduced solubility.
Indeed, we noted that Munesib-1 often precipitated in culture media while assessing its

effects on cells.
3.3.3 Munesib-2 is more potent in cells due to increased solubility

To increase the solubility of Munesib-1, we made changes to the structure that are
predicted to increase solubility, resulting in 6 chemical derivatives that we designated M-
201 — M-206 [edit] (Fig. 3.3A). Munesib-1 (purchased from MolPort) was hydrolyzed with
Lithium Hydroxide in aqueous DMF to give M-201 in 71% vyield. Amide coupling of
compound | using HATU/N,N-diisopropylethylamine in DMF gave M-202, M-203, M-204,
and | in moderate to good yields. The Boc group of compound | was removed by treatment
with TFA in methylene chloride to give M-205. Finally M-201 was reduced via sequential
treatment with oxalyl chloride in methylene chloride followed by reduction with Lithium
Aluminum Hydride in THF to give compound M-206 .

We first assessed the potency of these chemical derivatives using the microtubule
gliding assay, selecting 25 pM as a starting point since the parent compound completely
eliminates KIF15-driven microtubule gliding at this concentration. While all compounds
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Fig. 3.3: Chemical derivatives of Munesib-1 increase potency against KIF15 in cells. A) Overview of chemical
derivatives of Munesib-1 that were synthesized and tested. Reagents and conditions are as follows: i) LiOH,
DMF/H20, 25°C. ii) HATU, DIPEA, R1R2NH, DMF, 60°C. iii) TFA, CH2CI2, room temperature. iv) Oxalyl chloride,
CH2CI2, room temperature. v) LAH, THF, 0° C, room temperature. B) Quantification of the % inhibition of KIF15
microtubule gliding activity induced by each chemical derivative tested at 25 um. Each compound was tested in
singlicate, n = 50 for each replicate. C) Quantification of pre-anaphase spindles as either monopolar or bipolar in
RPE-1 (left) or KIRC-1 (right) cells treated with each chemical derivative, as well as the parent compound. Each
compound was tested at 25 pM in duplicate, n = 100 for each replicate. D) CRC generated from microtubule gliding
assays with Munesib-2 (M-204) over a range of 9 concentrations from 10 nM to 30 pM. Each concentration was
repeated in triplicate, n = 50 for each replicate. E) Quantification of pre-anaphase spindles in either monopolar or
bipolar states in RPE-1 (left) or KIRC-1 (right) cells treated with increasing concentrations of Munesib-2.
Concentration is indicated on the bottom of each bar in uM. Each concentration was tested in triplicate, n = 100 for
each replicate. Error bars show SEM.

displayed greater than 50% inhibition of KIF15vahen tested at 25 pM, 3 derivatives (M-



201, M-204, and M-206) blocked KIF15 activity as effectively as Munesib-1 (Fig. 3.3B).
We then tested all 6 derivatives in cells, again using all compounds at 25 pM. While none
of the compounds produced a change in spindle morphology in RPE-1 cells, we observed
that two derivatives (M-204 and M-205) substantially increased the monopolarity index in
KIRC-1 cells compared to the parent compound (Fig. 3.3C). We thus selected compound
M-204, designated as Munesib-2, for further evaluation since it matched Munesib-1 in the
gliding assay and improved upon Munesib-1’s effects in cells. Munesib-2 is slightly less
potent than the parent compound Munesib-1 in vitro, with an 1Cso of around 0.8 yM
compared to Munesib-1's 1Cso of roughly 0.4 pM. However, Munesib-2 substantially
increased efficacy in cells; 75 pM Munesib-2 resulted in more than 80% monopolar
spindles in KIRC-1 cells, while an equal concentration of Munesib-1 yielded less than
70% monopolar spindles. Evidently, Munesib-2 has increased potency in cells without

losing much efficacy in vitro.
3.3.4 Munesib-1 and Fiftin show reduced off-target effects compared to GW108X

After evaluating the potency of Munesib-1 and Fiftin against KIF15, we assessed
their specificity. We first tested the compounds against three other motors using the
microtubule gliding assay using concentrations of Munesib-1 and Fiftin that completely
abrogate KIF15-driven microtubule gliding. We selected HSET and Eg5, two other mitotic
kinesins that are structurally distinct from KIF15 despite performing similar functions, and
K560, a truncated form of Kinesin-1. While both compounds robustly inhibited KIF15 at
the selected concentrations, neither substantially inhibited the microtubule gliding ability
of the three other motors, indicating that these compounds are specific for KIF15 (Fig.
3.4A).

We next evaluated the effects of Munesib-1 and Fiftin on mitotic progression in
RPE-1 cells by filming the progression of drug-treated cells through mitosis with
differential interference contrast microscopy. We performed this analysis because we
observed that the KIF15 inhibitor GW108X, a known kinase inhibitor, increased the time
needed for cells to enter anaphase following chromosome alignment at the metaphase
plate. GW108X-treated RPE-1 cells also exhibited a peculiar spindle oscillation
phenotype, in which the spindle rocked back-and-forth prior to anaphase onset (Fig. 3.4B-
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Fig. 3.4: Munesib-1 and Fiftin are selective KIF15 inhibitors. A) Schematic of mitotic progression of RPE-1 cells
treated either with DMSO (top) or 25 uM GW108X (bottom). Images were collected via time-lapse microscopy. Time
in minutes is indicated relative to the first frame. Scale bar, 5 pm. B) Quantification of % inhibition of microtubule
gliding compared to DMSO control, for each of the motors indicated when treated with either 24 uyM Munesib-1 or
100 pM Fiftin. Error bars, +SEM. C) Quantification of metaphase duration for RPE-1 cells treated with the indicated
inhibitor (Munesib-1 used at 50 pM, Fiftin and GW108X used at 25 pM). Time was quantified in minutes from
metaphase plate formation until anaphase onset. Error bars, +SEM; ****, P < 0.0001; N = 50 cells for each replicate
of triplicate experiments.

C). We speculate that these effects are a result of promiscuous kinase inhibition. We
imaged RPE-1 cells treated with saturating doses of Munesib-1 or Fiftin and quantified
the time between metaphase plate formation and anaphase onset (Fig. 3.4B). Compared
to the significant increase in metaphase duration with GW108X treatment, we observed
no significant change in metaphase timing with treatment of either Munesib-1 or Fiftin.
Combined with the gliding assay utilizing other motors, these results suggest that
Munesib-1 and Fiftin are selective KIF15 inhibitors and improve upon the limited
specificity of GW108X.

3.3.5 Fiftin decreases microtubule-binding activity of KIF15

To determine whether Munesib-1 and Fiftin affect the ability of KIF15 to bind to
microtubules, we analyzed the effect on microtubule-binding immediately after the

addition of each compound during microtubule gliding assays (Fig. 3.5A). Compared to
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Fig. 3.5: Munesib and Fiftin have distinct mechanisms of inhibition of KIF15. A) Quantification of the % of
microtubules that remain bound to the coverslip after 1 minute post-drug addition for either DMSO, 24 uM Munesib
or 100 uM Fiftin. Experiment was repeated in duplicate; n = 50 for each replicate; *, P < 0.05. B) Quantification of
KIF15 on metaphase spindles in RPE-1 cells treated with either DMSO or the indicated compound (GW108X and

Fiftin used at 25 puM, Munesib-1 and -2 used at 50 uM). Each dot represents one measurement. Experiment was
repeated in duplicate; n = 10 for each replicate; ns, no significance; *, P < 0.001.

the DMSO control, addition of Fiftin induced a significant reduction in the number of
microtubules bound to the coverslip via KIF15, whereas Munesib-1 had little effect on
binding. We looked at this further in cells by measuring the relative amounts of KIF15 on
spindle microtubules in RPE-1 cells in metaphase (Fig. 3.5B). Similar to our in vitro
results, treatment of cells with a saturating dose of Fiftin significantly reduced the amount
of KIF15 on the spindle, while Munesib-1 again had little effect. This effect on spindle
binding with Fiftin was similar to the effect seen with the addition of GW108X, which is
consistent with its known allosteric inhibition of microtubule binding (Dumas et al. 2019).
These results suggest that Fiftin also competes with microtubule binding, whereas it is
unclear how Munesib-1 inhibits KIF15 activity. The putative difference in mechanism of
inhibition implies that Munesib-1 and Fiftin may have distinct binding sites on the motor
domain of KIF15.

3.3.6 Fiftin synergizes with the K5I STLC to prevent the acquisition of drug resistance

Lastly, we analyzed the effect of KIF15 inhibition by Fiftin on the ability of cells to
acquire resistance to STLC, a commonly-used K5I. TP537- RPE-1 cells were cultured for
24 days in either normal DMEM medium or medium containing 10 uM STLC, 10 uM Fiftin,
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Fig. 3.6: STLC and Fiftin synergize to prevent K5I resistance. RPE-1 cells grown to 80% confluency and treated
for 24 days with either A) no compound; B) 5 uM Fiftin; C) 10 uM Fiftin; D) 10 uM STLC; E) 10 pM STLC and 5 pM
Fiftin; or F) 10 puM Fiftin and 10 puM Fiftin. Colonies were then stained with crystal violet.

or a combination of STLC and Fiftin together. As expected, Fiftin alone had little effect on

cell growth compared to the control. STLC killed the majority of TP537- RPE-1 cells, but
some cells acquired resistance to STLC and grew to form colonies. However, combined
treatment of STLC and Fiftin substantially decreased the amount of resistant colonies that
arose, showing that inhibition of KIF15 activity sensitizes cells to K5I treatment. This result
is consistent with the notion that Fiftin is a small molecule that acts specifically to block
KIF15 activity during mitosis.

3.4 Discussion

Chemical inhibitors of kinesins represent valuable tools for the cell biology
community and can be used to improve our understanding of the mechanisms governing
spindle assembly. Using high throughput screening, we identified two novel KIF15
inhibitor scaffolds that potently inhibit KIF15 activity both in vitro and in vivo. These
compounds add to our growing toolbox of KIF15 inhibitors, which include the oxindole
GW108X(Dumas et al. 2019) and KIF15-IN-1(Milic et al. n.d.). Kinesin inhibitors have

proven to be valuable research tools that illuminate mitotic mechanisms, and a subset of
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these have progressed towards clinical applications. Most recently, the kinesin-8 Kif18A
has been postulated to be an Achilles’ heel of cancer cells that are chromosomally
unstable [REF] and the field awaits Kif1l8A inhibitors to evaluate the validity of this
chemotherapeutic approach in patients. Our motivation to isolate KIF15 inhibitors is that
human cells can escape the cytotoxic effects of K5Is by switching to an alternative spindle
assembly pathway that depends on KIF15. We show here that, similar to genetic deletion
of KIF15, Fiftin reduces the ability of human cells to acquire resistance to the K51 STLC.
This result validates the hypothesis that combined treatment of cells with a K5I and KIF15
inhibitor will combat the ability of cells to acquire K5I resistance.

Although Munesib-1 and Fiftin both block KIF15 activity, the two molecules are
structurally distinct. and while both molecules selectively target KIF15, Munesib-1
exhibits roughly 10-fold stronger inhibitory action against KIF15 in both in vitro ATPase
and microtubule gliding assays. Intriguingly, the opposite trend is observed in cell-based
assays, with Fiftin maximally abrogating bipolar spindle formation at much lower
concentrations than Munesib-1. We hypothesized that this discrepancy in in vitro and cell-
based effects of the two compounds could be due to Munesib-1’s poor solubility. Indeed,
substantial in vivo potency was gained by chemical modifications that increased solubility,
as indicated by the results of Munesib-2. This increase in potency still did not outmatch
the high activity of Fiftin in cells, and it remains unclear why Munesib-2 is not as good in
cells. Future pharmacokinetics studies may elucidate whether the discrepancy in efficacy
stems from differences in drug uptake or efflux between the two compounds.
Furthermore, structural knowledge of the specific binding sites of each compound on the
KIF15 motor domain will enable efficient optimization of Munesib-1 and Fiftin to further
increase potency.

An important quality of Munesib-1 and Fiftin is their selectivity. Both compounds
have little to no effect on three other kinesins, despite high sequence homology of kinesin
motor domains. Additionally, both inhibitors appear to be more on-target compared to our
previously published KIF15 inhibitor, GW108X, which inhibits several kinases in addition
to KIF15. The most noticeable phenotype suggestive of GW108X’s off-target activity is a
significant increase in the time from metaphase plate formation to anaphase onset in
RPE-1 cells; as mitotic arrest can increase the chances of cells undergoing apoptosis

74



(Gascoigne and Taylor 2009), this effect is undesirable for cells that should otherwise be
unaffected by KIF15 inhibition. The metaphase duration of cells treated with either
Munesib-1 or Fiftin was similar to that of DMSO-treated cells, and thus we conclude that
these compounds act primarily on KIF15.

An open gquestion remains regarding the mechanism of action of these inhibitors.
Kinesin inhibitors typically work via one of two mechanisms, either i) impairing ATPase
activity by inhibiting nucleotide binding, hydrolyzation, or release; or ii) impairing
microtubule-binding. From analyzing in vitro microtubule-binding and spindle localization
in cells, Fiftin appears to the inhibit microtubule-binding ability of KIF15. In contrast,
Munesib-1 does not appear to have a strong effect on microtubule-binding in either
setting. At this point it is difficult to say definitively through which mechanism each inhibitor
works, and steady-state kinetics studies will be necessary to truly discern this. This
potential difference in mechanism may also contribute to the discrepancy in in vitro and
cell-based activity between the two compounds.

In summary, Munesib-1 and Fiftin represent powerful tools for the cell biology
community with which to continue studying the complex forces involved in mitotic spindle
assembly. Indeed, KIF15 inhibitors have already proven effective for studying microtubule
organization in the spindle (Begley et al. 2021), and there are numerous potential
applications for their use in studying KIF15’s force contribution to spindle assembly and
maintenance that thus far have relied upon genetic manipulation such as RNA
interference. The difference in activity of Munesib-1 and Fiftin can also be harnessed for
more specific applications; Munesib-1 is a potent inhibitor of KIF15 in vitro, whereas Fiftin
robustly inhibits KIF15 activity in cells. The improvement of cell-based activity of Munesib-
2 without significant loss of in vitro potency also makes it a good tool for use in both
settings. Finally, these compounds will enable testing of Eg5 and KIF15 as a combined
anticancer drug target. Combining Fiftin with STLC, a K5I, decreases the ability of cells
to acquire resistance to STLC, highlighting the centrality of KIF15 to K5I resistance
mechanisms. Future experiments with more in vitro cancer cell lines and in vivo tumor
models can further illuminate the efficacy of combining K5Is and KIF15 inhibitors as an

anticancer therapy.
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3.5 Materials and Methods
3.5.1 ADP-Glo Kinase Reaction

The ADP Glo™ Kinase Assay kit (Promega) was used to quantify the ATPase
activity of KIF15-N420 and was adapted for use in high throughput, as previously
described (Dumas et al. 2019). 23,552 compounds were screened from the Maybridge
24k library of small molecules. Compounds were screened in 384 well plates; for each
plate, one compound was added to each well in columns 3-22, just DMSO was added to
wells in columns 1-2 to serve as a negative control (representing the baseline ATPase
rate of KIF15), and ATP was excluded from wells in columns 23-24 to serve as a positive
control (mimicking 100% inhibition of ATPase activity).

10 pL of Motor & MT solution (100 nM Hises-KIF15-N420 and 1 uM taxol-stabilized
microtubules in screening buffer [10 mM K-HEPES (pH 7.7), 100 mM KCI, 1 mM DTT, 10
mM MgCl2, and 5 yM Taxol]) was dispensed into each well of a 384 well-plate using a
Multidrop Combi liquid dispenser (Thermo Fisher Scientific). 200 nL of each compound
(2 mM stock in DMSO, final concentration of 20 uM) was added to wells in columns 3-22
of each plate using a Biomek FX pintool (Beckman Coulter); no compound was added to
wells in columns 1-2 and 23-24. Plates were incubated for 15 min at room temperature
(RT). 10 yL ATP solution (20 uM MgATP in screening buffer) was dispensed to wells in
columns 1-22; 10 pL screening buffer was dispensed to wells in columns 23-24. Plates
were incubated 20 min at RT. 5 yL of ADP-Glo™ reagent was added to every well, plate
was incubated 40 min at RT. Finally, 10 pL Kinase Detection Reagent (KDR) was added
to every well, and plate was incubated 30 min. Luminescence was quantified using an
Envision 2104 Multilabel plate reader (Perkin EImer). % inhibition of ATPase activity was
calculated for each compound by normalizing to the average luminescence of the positive
control wells for each plate.

To estimate the robustness of this assay, the Z' score was calculated using the

(30pos+30neg)

equation Z' =1 —
|Mpos_ ﬂneg'

. The average Z' score from the primary screen was 0.82,

indicating a robust assay. Concentration response curves (CRCs) were performed as

described above but with varying concentrations of compound added.

3.5.2 Protein Expression and Purification
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Hise-KIF15-N420, Hise-Eg5, and Hiss-EGFP-HSET purifications have been
described previously (Dumas et al. 2019; Sturgill et al. 2016, 2014). Hiss-KIF15-N700 was
expressed in High Five insect cells for 72 hours, after which cells were pelleted and
resuspended in lysis buffer (1X PNI [50 mM sodium phosphate, 500 mM NaCl, and 20
mM imidazole], 1% NP-40, 1 mM MgATP, 5 mM B-mercaptoethanol, and protease
inhibitors [1 mM PMSF, 1 mM benzamidine, and LPC (10 pyg/mL)]) and incubated on ice
for 30 minutes followed by sonication. Lysate was clarified by centrifugation for 30 min at
35,000 rpm at 4°C in a Type 45 Ti rotor (Beckman). Cleared lysate was incubated with 2
mL of Ni-NTA (nitrilotriacetic acid) agarose (Qiagen) for 1 hour and washed with 50 mL
of wash buffer (1X PNI, 100 uM MgATP, and 5 mM B-mercaptoethanol). Protein was
eluted with elution buffer (1X PNI, 100 uM MgATP, 5 mM B-mercaptoethanol, and 200
mM imidazole), and peak fractions were combined and clarified by centrifugation for 5
min at 20,000 rpm at 4°C, after which they were subjected to size exclusion
chromatography on a Superdex 200 column equilibrated in gel filtration buffer (10 mM K-
Hepes [pH 7.7], 300 mM KCI, 1 mM DTT, and 0.2 mM MgATP). Protein concentration of
fractions after gel filtration was estimated using a Bradford assay and purity of fractions
was assessed by SDS-PAGE, after which peak fractions were combined and frozen with
10% sucrose.

3.5.3 Steady state ATPase assay

KIF15-N420 ATPase rates were measured by quantifying the rate of NADH
conversion in an enzyme-coupled reaction, as described by Huang et al. (CITE). The
reaction contained BRB80 with 50 nM KIF15-N420 dimers, 2 mM phosphoenolpyruvate
(Alfa Aesar, B20358), 1 mM MgCI2 (Quality Biological, 340-034-721), 0.2 mg/ml casein
(Sigma, C-7078), 10 mM Taxol (Sigma, T7191), 0.25 mM NADH (EMD, 48915), and
1.5/100 volume of pyruvate kinase/lactate dehydrogenase (Sigma, P-0294). In the ATP-
dependent assay, ATP concentration was varied and microtubule concentration held at 3
MM. In the Mt-dependent assay, microtubule concentration was varied and ATP
concentration held at 2 mM. In each assay, 30 uM of the drug or equal volume of DMSO
for the control was included. Absorbance of NADH at 340 nm over time was measured
on a Molecular Devices FlexStation 3 Multimode Microplate Reader, converted to an
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ATPase rate, and divided by the active motor concentration to give the total hydrolysis
cycle rate at 25 °C.

The same enzyme coupled reaction described for the ATPase assay was used to
evaluate the IC50 for the drugs. This assay contained 2 mM ATP and 5 uM microtubules

across all drug concentrations.
3.5.4 Microtubule gliding assays

Microtubule gliding assays were performed as previously described (Dumas et al.
2019). Images were captured using a Nikon Elements controlled Eclipse 90i (Nikon) with
a 100X 1.4 NA (Nikon) objective and a Cool Snap HQ2 CCD camera (Roper). Time lapse
image sequences spanned 1 min with acquisitions captured every 5 seconds. ImageJ
was used for image analysis, and gliding velocity was quantified by measuring the
distance a microtubule travelled in 1 min. For each condition of each assay, image
sequences were acquired from three locations on the slide and velocities were calculated
from 215 in each location for a total of n = 50 from each slide.

For washout assays, image sequences were acquired for roughly 1 min pre-drug
addition, 1 min post-drug addition, and 3 min post-drug washout for a total of 5 min
captured. Gliding velocity for each time segment was quantified by measuring the
distance a microtubule travelled over 1 min during each segment.

For analysis of microtubule binding, image sequences were captured before and
after the addition of drug. The number of microtubules bound to the coverslip was
guantified immediately before drug addition and after 1 min of drug incubation to calculate
the % of microtubules that remained bound after drug addition.

3.5.5 Cell culture, immunofluorescence assays, and image analysis

TP537 RPE-1 cells were cultured in DMEM containing 10% fetal bovine serum
(FBS), penicillin and streptomycin. KIRC-1 cells were cultured in the same medium with
the addition of 10 uM STLC. For immunofluorescence assays, cells were grown on glass
coverslips in 6-well dishes and then treated overnight with the desired drug
concentrations added to their normal medium. Coverslips were rinsed with 1X PBS and
fixed in 100% methanol at -20°C for 10 min, and then stained with the following primary

antibodies: rabbit anti-KIF15 (Sturgill and Ohi 2013) at 1:2000 for 1 hour, and FITC-
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conjugated mouse anti-a-tubulin (DM1a, Sigma-Aldrich) at 1:500 for 30 min. Alexa-594-
conjugated anti-rabbit secondary antibodies were used at 1:2000 for 45 min. All
antibodies were incubated at RT. DNA was counterstained with 5 yg/mL Hoechst 33342
and coverslips were mounted in Prolong Diamond (Thermo Fisher Scientific).

Images were acquired using a 60X 1.4 NA objective (Olympus) on a DeltaVision
Elite imaging system (GE Healthcare) equipped with a Cool SnapHQ2 charge-coupled
device (CCD) camera (Roper). Optical sections were collected at 200 nM intervals and
processed using the ratio deconvolution in SoftWorx (GE Healthcare). Further image
processing and analysis was done in ImageJ. Acquisition parameters were kept constant
across cell lines and conditions.

To quantify levels of KIF15 and tubulin on the mitotic spindle, an ROl was drawn
around the spindle to measure the integrated fluorescence of a single image frame for
both the KIF15 and tubulin channels. A smaller oval ROl was drawn outside of the spindle
to measure background fluorescence on the KIF15 and tubulin channels. Background
intensity corrected for ROI size was subtracted from the spindle intensity of each channel,

and corrected intensities were used to calculate the KIF15:tubulin ratio.
3.5.6 Live cell imaging and analysis

TP537- RPE-1 cells were plated in MatTek dishes (Thermo Fisher Scientific) and
grown to ~70% confluency. Desired compounds were diluted in Leibovitz’s L-15 medium
(Invitrogen) supplemented with 10% FBS and 7 mM HEPES and applied to cells. Time
lapse image sequences were captured using a 20X objective (Olympus) on the
DeltaVision Elite imaging system using transmitted light microscopy. Optical sections
were collected at 1.5 ym intervals every 2.5 min for 2-6 hours.

Image sequences were analysed in ImageJ to measure the time from metaphase
plate formation to anaphase onset. Metaphase duration was quantified from 50 cells for
each condition.

STLC selection

TP537 RPE-1 cells were plated in 6-well dishes and grown to ~80% confluency.
Cells were then treated with the desired compounds added to DMEM medium

supplemented with 10% FBS, penicillin and streptomycin. Media were changed every 2-
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3 days for 24 days. At the endpoint, cells were rinsed with 1X PBS, fixed in 100%
methanol at -20°C for 10 min, and stained with 0.1% crystal violet (Sigma Aldrich) in 25%
methanol for 15 min at RT. Excess dye was removed by gentle washing with DI-H20.

Images of dishes were acquired with a CanoScan 8800F (Cannon).

3.6 Compound synthesis methods

General techniques: All reactions requiring anhydrous conditions were conducted
in flame dried glass apparatus under an atmosphere of argon. Preparative
chromatographic separations were performed on silica gel (35-75 ym); reactions were
followed by TLC analysis using silica plates with fluorescent indicator (254 nm) and
visualized with a UV lamp or phosphomolybdic acid. All commercially available reagents
were purchased from TCI or Aldrich and used as received unless stated otherwise.
Optical rotations were measured with a polarimeter using a 1 mL capacity cell with 1 dm
path length. 1H and 13C NMR spectra were recorded in Fourier transform mode at the
field strength specified on either a 300 or 400 spectrometer. Spectra were obtained on
CDCI3 or DMSO-d6 solutions in 5 mm diameter tubes, and chemical shifts in ppm are
quoted relative to the residual signal of chloroform (6H 7.26 ppm). Multiplicities in the 1H
NMR spectra are described as: s = singlet, d = doublet, t = triplet, g = quartet, m =
multiplet, br = broad; coupling constants are reported in Hz. Low (MS) and high (HRMS)
resolution mass spectra are reported with ion mass/charge (m/z) ratios as values in

atomic mass units.
3.6.1 Synthesis of M-201

Methyl  6-methyl-2-methylsulfanyl-5,5-dioxopyrimido[5,4-c][2,1]benzothiazine-8-
carboxylate 1 (Munesib-1) (100 mg, 0.28 mmol) was suspended in 4:1 DMF/H20 (10 mL)
followed by the addition of LiOH (34 mg, 1.4 mmol) in one portion. Dissolution eventually
occurred and the solution was stirred at room temperature for overnight. The solution was
diluted with 10 mL of H20 and made acetic (pH=1) with 2M HCI. The precipitate was
collected by filtration and washed with 2 portions of H20. The solid was then suspended
in acetonitrile and filtered (2X). The filter cake was triturated with hexane and
concentrated in vacuo to afford 68 mg (71%) of M-201 (6-Methyl-2-(methylthio)-6H-

benzo[c]pyrimido[4,5-€e][1,2]thiazine-8-carboxylic acid 5,5-dioxide) as a beige solid.
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HPLC: >98%, Rt=6.23 min.; ES-MS m/z 338.03 [M+H]+; HNMR (DMSO-d6, 400 MHz) [
9.16 (s, 1H), 8.53 (d, J=8 Hz, 1H), 7.95-7.86 (m, 2H), 3.15 (s, 3H), 2.68 (s, 3H) ppm.

3.6.2 Synthesis of M-202

A mixture of M-201 (25 mg, 0.074 mmol) and HATU (56 mg, 0.15 mmol) was
treated with DMF (3 mL) followed by the addition of diisopropylethylamine (19 mg, 0.15
mmol). The solution was stirred at room temperature for 20 minutes at which time
morpholine (14 mg, 0.16 mmol) was added. The solution was then stirred at 600 C for 2
hours and evaluated by TLC (EtOAc): new product. The solution was stirred at 600 C for
an additional 45 minutes, then cooled to room temperature and diluted with 10 mL H20
and 25 mL of EtOAc. The organic phase was separated, washed with brine, dried
(Na2S04), and concentrated to an orange liquid. The liquid was taken up in DCM and
passed through a pad of silica gel eluting with ethyl acetate. Fractions containing the new
product were combined and concentrated to afford M-202 ((6-Methyl-2-(methylthio)-5,5-
dioxido-6H-benzo[c]pyrimido[4,5-€e][1,2]thiazin-8-yl)(morpholino)methanone) as a yellow
solid. Yield: 19 mg, 63%; HPLC: >95%, Rt=6.06 min; HNMR (CDCI3, 400 MHz) (1 9.0 (d,
J=0.6Hz, 1H), 8.67 (d, J=7.8 Hz, 1H), 7.39-7.28 (m, 2H), 3.82 (s, 4H), 3.66 (s, 2H), 3.53
(d, J=0.7 Hz, 3H), 3.47 (s, 2H), 2.70 (d, J=0.7 Hz, 3H) ppm; ES-MS m/z 407.08 [M+H]+

3.6.3 Synthesis of M-203

A mixture of M-201 (30 mg, 0.089 mmol) and HATU (68 mg, 0.18 mmol) was
treated with DMF (3 mL) followed by the addition of diisopropylethylamine (34 mg, 0.26
mmol). The solution was stirred at room temperature for 20 minutes at which time
dimethylamine hydrochloride (46 mg, 0.56 mmol) was added. The solution was then
stirred at 600 C for 2 hours and evaluated by TLC (EtOAc): new product. The solution
was stirred at 60o C for an additional 45 minutes, then cooled to room temperature and
diluted with 10 mL H20 and 25 mL of EtOAc. The organic phase was separated, washed
with brine, dried (Na2S04), and concentrated to an orange liquid. The liquid was taken
up in DCM and passed through a pad of silica gel eluting with ethyl acetate. Fractions
containing the new product were combined and concentrated to a yield M-203 (N,N-6-
trimethyl-2-(methylthio)-  6H-benzo[c]pyrimido[4,5-e][1,2]thiazin-8-carboxamide  5,5-
dioxide) as a beige solid. The product was dried under high vacuum for 2 hours. Yield: 25
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mg, 77%; HNMR (CDCI3, 400 MHz): (1 9.0 (s, 1H), 8.66 (dd, J=7.9, 0.6Hz, 1H), 7.37 (dd,
J=9.3, 1.2 Hz, 2H), 3.53 (s, 3H), 3.16 (s, 3H), 3.02 (s, 3H), 2.7 (s, 3H) ppm; HPLC: 95%,
Rt=6.095 min.; ES-MS m/z 365.07 [M+H]+

3.6.4 Synthesis of M-204

A mixture of M-201 (30 mg, 0.089 mmol) and HATU (68 mg, 0.18 mmol) was
treated with DMF (3 mL) followed by the addition of diisopropylethylamine (34 mg, 0.26
mmol). The solution was stirred at room temperature for 20 minutes at which time
methylamine hydrochloride (38 mg, 0.56 mmol) was added. The solution was then stirred
at 600 C for 2 hours and evaluated by TLC (EtOAc): new product. The solution was stirred
at 60o C for an additional 45 minutes, then cooled to room temperature and diluted with
10 mL H20 and 25 mL of EtOAc. The organic phase was separated, washed with brine,
dried (Na2S04), and concentrated to an orange liquid. The liquid was taken up in DCM
and passed through a pad of silica gel eluting with ethyl acetate. Fractions containing the
new product were combined and concentrated to a yield M-204 (N- 6-dimethyl-2-
(methylthio)-6H-benzo[c]pyrimido[4,5-e][1,2]thiazine-8-carboxamide 5,5-dioxide) as a
yellow solid. The product was dried under high vacuum for 2 hours. Yield: 13 mg, 42%;
HNMR (DMSO-d6, 400 MHz): [ 9.20 (s, 1H), 8.78 (d, J=4.8 Hz, 1H), 8.61 (d, J=8.3 Hz,
1H), 7.91 (d, J=1.5Hz, 1H), 7.86 (dd, J=8.2, 1.6 Hz, 1H), 3.49 (s, 3H), 2.83 (d, J=4.5 Hz,
3H), 2.69 (s, 3H) ppm; HPLC: 90%, Rt=5.9936 min.; ES-MS m/z 351.05 [M+H]+

3.6.5 Synthesis of compound |

A mixture of M-201 (32 mg, 0.095 mmol) and HATU (72 mg, 0.19 mmol) was
treated with DMF (3.5 mL) followed by the addition of diisopropylethylamine (25 mg, 0.19
mmol). The solution was stirred at room temperature for 20 minutes at which time BOC-
piperazine (39 mg, 0.21 mmol) was added. The solution was then stirred at 600 C for 2
hours and evaluated by TLC (EtOAc): new product. The solution was stirred at 600 C for
an additional 45 minutes, then cooled to room temperature and diluted with 10 mL H20
and 25 mL of EtOAc. The organic phase was separated, washed with brine, dried
(Na2S04), and concentrated to a yellow liquid. The liquid was taken up in DCM and
passed through a pad of silica gel eluting with ethyl acetate. Fractions containing the new

product were combined and concentrated to afford compound | (tert-butyl 4-(6-methyl-2-
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(methylthio)-5,5-dioxido-6H-benzo[c]pyrimido[4,5-e][1,2]thiazine-8-carbonyl)piperazine-
1-carboxylate) (43 mg, 90%) as a yellow solid. HPLC: 95%, Rt=7.23 min.

3.6.6 Synthesis of M-205

The BOC-protected piperazine derivative | (29.5 mg, 0.058 mmol) was taken up in
4 mL of DCM followed by the dropwise addition of TFA (0.4 mL). The solution was stirred
at room temperature for overnight, then diluted with 30 mL of DCM and washed with 12
mL of 10% sodium carbonate, brine, and dried over Na2SO4. The solvent was
concentrated in vacuo affording M-205 ((6-Methyl-2-(methylthio)-5,5-dioxido-6H-
benzol[c]pyrimido[4,5-€e][1,2]thiazin-8-yl)(piperazin-1-yl)methanone) (23 mg, 97%) as a
yellow solid. HPLC: 95%, Rt=4.94 min.; HNMR (CDCI3, 400 MHz) 1 9.0 (s, 1H), 8.66 (d,
J=8.3Hz, 1H), 7.34 (td, J=4.2, 1.5Hz, 2H), 3.80 (s, 2H), 3.53 (s, 3H), 3.41 (s, 2H), 2.99 (s,
2H), 2.84 (s, 2H), 2.70 (s, 3H), 1.25 (s, 1H) ppm ; ES-MS m/z 406.09 [M+H]+ .

3.6.7 Synthesis of M-206

M-201 (30 mg, 0.089 mmol) was suspended in DCM (5 mL) followed by the
addition of oxalyl chloride (41 mg, 0.32 mmol) and one drop of DMF. The mixture became
a solution after stirring at room temperature for 30 minutes. The solution was stirred for
an additional 30 minutes at which time it was concentrated in vacuo. The solid obtained
(32 mg, 100%) was used in the next step without further purification. The crude acid
chloride (32 mg, 0.090 mmol) was taken up in 4 mL of THF and cooled in an ice bath to
approximately 0o C. To the solution was added in several portions LAH (10 mg, 0.27
mmol). The mixture gradually warmed to room temperature and was quenched with sat.
ag. NaHPO4. The mixture was diluted with ethyl acetate and filtered through celite. The
filtrate was washed with brine, dried (MgSO4), and concentrated to a solid. The crude
product was passed through a pad of silica gel eluting with 9:1 DCM/EtOAc. Fractions
containing the product were combined and concentrated to give M-206 (8-
(hydroxymethyl)-6-methyl-2-(methylthio)-6H-benzo[c]pyrimido[4,5-e][1,2]thiazine 5,5-
dioxide) as a yellow solid (9 mg, 30%). HNMR (CDCI3, 400 MHz): 1 8.97 (s, 1H), 8.59
(d, J=8.1Hz, 1H), 7.39-7.29 (m, 2H), 4.87 (d, J=5.2Hz, 2H), 3.52, s, 3H), 2.70 (s, 3H),
1.95 (t, J=5.9Hz, 1H) ppm ; HPLC: Rt=5.96 min., 99%; ES-MS m/z 324.047 [M+H]+
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4.1 Abstract

Kinesins are regulated in space and time to ensure activation only in the presence
of cargo. Kinesin-binding protein (KIFBP), which is mutated in Goldberg-Shprintzen
syndrome (GOSHS), binds to and inhibits the catalytic motor heads of 8 of 45 kinesin
superfamily members but the mechanism remains poorly defined. Here, we used cryo-
electron microscopy and crosslinking mass spectrometry to determine high-resolution
structures of KIFBP alone and in complex with two mitotic kinesins, revealing structural
remodeling of kinesin by KIFBP. We find that KIFBP remodels kinesin motors and blocks
microtubule-binding via 1) allosteric changes to kinesin and 2) by sterically blocking

access to the microtubule. We identified two regions of KIFBP necessary for kinesin-
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binding as well as cellular regulation during mitosis. Taken together, this work further
elucidates the molecular mechanism of KIFBP-mediated kinesin inhibition and supports
a model in which structural rearrangement of kinesin motor domains by KIFBP abrogates

motor protein activity.

4.2 Introduction

Kinesins comprise a superfamily of microtubule-based motor proteins that play
essential roles in virtually every aspect of cell physiology, including mitotic spindle
assembly, regulation of microtubule dynamics, ciliogenesis, and transportation of cargoes
throughout the cell (Hirokawa et al. 2009; Cross and McAinsh 2014; Walczak, Gayek,
and Ohi 2013; Verhey, Dishinger, and Lee 2011). A signature protein fold shared among
all members of the kinesin superfamily is a catalytic “motor” domain. The kinesin motor
domain contains binding sites for both microtubules and ATP, enabling these proteins to
convert energy from ATP hydrolysis into mechanical force (Vale and Milligan 2000). In
most kinesin motors, this catalytic cycle powers motility of the proteins along microtubule
tracks. While the motor domain exhibits structural and high sequence conservation
among the superfamily, sequence differences imbue each kinesin with unique
characteristics and are responsible for diversifying motor functions within the cell. In
addition, the non-motor regions of different kinesin family members have diverged to
confer specificity for cargo binding and regulation.

Kinesins are regulated at many levels to ensure that they become activated at the
right time and place. Auto-inhibition, wherein kinesins adopt a conformation that prevents
microtubule-binding(Verhey and Hammond 2009; Cheng et al. 2014; van der Vaart et al.
2013); sequestration within the nucleus (Goshima and Vale 2005; Walczak, Verma, and
Mitchison 1997; Mayr et al. 2007; Lee et al. 2010; Kuriyama et al. 1995; Du, English, and
Ohi 2010); and cell cycle-dependent protein expression (Brown et al. 1994) are common
strategies to prevent untimely motor-track interactions. Kinesins are also regulated by
post-translational modifications, e.g., phosphorylation, which can serve to activate
microtubule-binding (Blangy et al. 1995; Cahu et al. 2008; Espeut et al. 2008). Lastly,
kinesin-interacting proteins such as adaptor proteins and light chains, and their
phosphorylation, can regulate the ability of transport kinesins to engage cargo (Hirokawa

et al. 2009; Blasius et al. 2007; Cho et al. 2009; Twelvetrees et al. 2019; Seeger and Rice
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2013; Siddiqui et al. 2019; Henrichs et al. 2020), or target them to specific locations within
the cell (Bouchet et al. 2016; Santamaria et al. 2008). KIFBP, a unique class of kinesin-
binding protein, has emerged as an important negative regulator of a subset of kinesin
motors (Kevenaar et al. 2016; Malaby et al. 2019).

KIFBP was discovered as a disease-causing gene associated with the neurological
disorder Goldberg-Shprintzen syndrome (GOSHS (Brooks et al. 2005; Dafsari et al. 2015;
Valence et al. 2013)), an autosomal disease characterized by facial dysmorphism, mental
retardation, and congenital heart disease (OMIM #609460). In mice and zebrafish, loss
of KIFBP function leads to neuronal migration and maturation defects in the developing
brain (Hirst et al. 2018; Lyons et al. 2008). Emerging data demonstrate a compelling role
for KIFBP in regulating motor-microtubule interactions for 8 of the 45 kinesin motors
encoded by the human genome. KIFBP interacts directly with the motor head of Kinesin-
2 (KIF3A), Kinesin-3 (KIF1A, KIF1B, KIF1C, KIF13B, and KIF14), Kinesin-8 (KIF18A),
and Kinesin-12 (KIF15) family members, resulting in inhibition of motor-microtubule
binding both in vitro and in cells (Kevenaar et al. 2016; Malaby et al. 2019). How the
regulation of kinesin motors by KIFBP is linked to specific biological processes is largely
unexplored, although neuronal microtubule dynamics appear to be controlled through
KIFBP-dependent regulation of KIF18A (Kevenaar et al. 2016). Moreover, recent work
has shown that KIFBP is critical for ensuring proper mitotic spindle assembly by regulating
the mitotic kinesins KIF15 and KIF18A (Malaby et al. 2019).

Recently, a 4.6 A structure for KIFBP and a 6.9 A structure for KIFBP bound to
KIF15 were reported (Atherton et al. 2020). These studies indicated that KIFBP alters the
KIF15 kinesin motor to prevent microtubule binding (Atherton et al. 2020). Despite the
advances afforded by this study, many open questions remain. First, the resolution of the
published structures did not fully define the KIFBP-interaction interface with KIF15 given
the large degree of uncertainty for the atomic model. For example, at the resolutions
reported, the atomic models may have incorrect helical placement or helical registries.
Without an accurate atomic model of KIFBP, the molecular mechanism of kinesin
regulation by KIFBP remains unclear. Second, the generality of the previously proposed
inhibition mechanism is unknown. The earlier work also included an analysis of KIFBP in
complex with KIF1A, but the low resolution of the KIFBP-KIF1A complex and
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heterogeneity of binding poses did not allow firm conclusions regarding the binding
mechanism. Third, the previous study did not address the importance of residue-residue
contacts between KIFBP and kinesin motors (KIF15 and KIF1A) in the context of the
specific biological processes in which these motors participate.

To understand how KIFBP engages kinesin motors, we leveraged an
interdisciplinary approach to generate a high-confidence atomic model of the KIFBP-
kinesin motor interface by combining cryo-electron microscopy (cryo-EM) with
crosslinking mass spectrometry (XL-MS). We show that KIFBP is a tandem repeat protein
constructed of 9 helix pairs that assemble into a solenoid-like structure. When complexed
with KIF15 and KIF18A, three helices in KIFBP (helical pairs (HP) 4a/b-HP5) associate
closely with the kinesin a4 helix, an interaction that requires a 15 A displacement of a4
from its resting position. Using molecular dynamics simulations, we find that kinesin o4 is
immobile when a motor head is not bound to KIFBP, suggesting that allosteric changes
drive the repositioning of a4 required for binding HP4a/b-HP5. Using our high-confidence
KIFBP:kinesin atomic model, we identify two regions in KIFBP that are responsible for the
interaction in vitro, and show that mutations in these regions disable the ability of KIFBP
to regulate KIF15 and KIF18A during mitosis. Collectively, our work describes the
molecular mechanism of KIFBP-mediated inhibition of KIF15 and KIF18A via binding to
and stabilizing a conformation of the kinesin motor head that is incompatible with

microtubule binding.

4.3 Results
4.3.1 KIFBP adopts a solenoid structure composed of TPR motifs

To determine an atomic model of KIFBP, we utilized cryo-EM to determine the
overall structure of KIFBP and a higher-resolution structure of the N-terminus of KIFBP
(Fig. 4.1). Reconstructions of the full KIFBP molecule at 4.6A showed that KIFBP is
almost entirely a-helical, possessing nine helical pairs along with one long helix
throughout the 621 amino acid sequence, similar to previous reports (Atherton et al. 2020)
(Fig. 4.1A, Fig. S4.1 & S4.2, Table S4.1). The a helices are arranged into a right-handed
superhelical twist, giving KIFBP an appearance analogous to other tetratricopeptide
repeat (TPR) proteins (Perez-Riba and Itzhaki 2019).
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Given that the resolution of 4.6A is not sufficient to build an atomic model, we
wanted to improve the resolution of our reconstruction. To this end, we performed
masking and 3D classification on the N-terminal two-thirds of KIFBP to obtain a higher-
resolution structure at 3.8A (Fig. 4.1B). We could unambiguously identify amino acid side
chains at this resolution, allowing us to construct an atomic model for amino acids 5 to
403 (Fig. 4.1C, Fig. S4.1, S4.3, S4.4, & S4.5, Table S4.2). Our atomic model provides a
high-confidence positioning of KIFBP residues, allowing us to map the structure onto the
KIFBP sequence (Fig. 4.1D), confirming a-helical positions and showing the locations of

loops connecting helical pairs throughout the structure.
4.3.2 KIFBP inhibits KIF15 microtubule-binding and remodels the motor domain of KIF15

After determining the structure of KIFBP alone, we used cryo-EM to determine the
structure of KIFBP bound to KIF15. To prepare cryo-EM samples, we incubated the
purified KIF15 motor domain (amino acids 1-375) with KIFBP and subjected the sample
to size exclusion chromatography in the presence of ATP (Fig. S4.6). SDS-PAGE
analysis determined that KIF15 co-migrated with KIFBP in a 1:1 complex, and fractions
containing the complex were utilized for cryo-EM sample preparation.

We used cryo-EM to determine a ~4.8A resolution structure of KIFBP bound to
KIF15 (Fig. 4.2A, Fig. S4.7 & S4.8, Table S4.3). At this resolution, we could

unambiguously identify the regions of density corresponding to KIFBP in addition to the

Long Long

D Helical pair 1 ¢ helix loop
(HP1) HP2 HP3 HP4 HP5 (LH) (LL) HPs HP7 HPS8 HP9
1 @@ O & @®OCOE-@ 621
TPR | { i} i} |

]
De novo built into 3.8-A map *

Fig. 4.1. KIFBP adopts a solenoid structure composed of TPR motifs. A) Overview of KIFBP structure at 4.6A.
Dotted lines indicate the masked region for the higher-resolution KIFBP core. (B) Structure of KIFBP core at 3.8A.
(C) Combined atomic model of KIFBP. (D) Structural features and nomenclature for KIFBP.
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motor domain of KIF15 (Fig. 4.2A). Unexpectedly, when we docked the structure of KIF15
into the reconstruction, we noticed that the a4 helix of KIF15 was missing. Instead, we
noticed the presence of an additional a-helical density within a cleft of KIFBP, suggesting
the displacement of KIF15-a4 into this cleft during complex formation (Fig. 4.2B). In the
structure, KIFBP occupies the microtubule-binding surface of KIF15, sterically blocking
access to the microtubules by KIF15.

To understand how KIFBP affected the overall architecture of KIF15, we utilized
both manual building and Rosetta comparative modeling (Song et al. 2013) to develop a
model for the KIFBP-engaged KIF15 motor (Fig. 4.2C). Our analysis of KIFBP:KIF15
revealed structural rearrangements of the KIF15 motor by KIFBP to disrupt KIF15’s
microtubule-binding interface. The most notable structural change involved the
repositioning of KIF15-04 away from the kinesin motor domain, placing KIF15-04 15A
away from the location found in the crystal structure of KIF15 (Klejnot et al. 2014).
Notably, kinesin motors require the a4 helix for engaging microtubules during the kinesin

mechanochemical cycle (Wang et al. 2015). The adjoining loops on each side of KIF15-

KIF15 (KIFBP bound) [KIF15 (PDB: 4BN2)
KIF15-LS\

/7
KIF15-81b-1c T

/
KIF15-a6

KIF15-a6 o KIF160

Fig. 4.2. KIFBP stabilizes KIF15 in a conformation that blocks microtubule-binding. (A) KIF15:KIFBP
reconstruction. (B) Zoom-in on additional density present in KIF15:KIFBP reconstruction (purple) alongside docked
crystal structure (PDB: 4BN2). (C) Atomic model of KIF15:KIFBP. (D) Superposition of KIF15 bound to KIFBP (dark
purple) with apo-KIF15 (light purple) (PDB: 4BN2) relative to KIF15-02. Structural elements that differ are indicated
by arrows. (E) Vectors (gray) calculated from Ca differences between KIF15 (KIFBP-bound) vs. KIF15 superimposed
on the apo KIF15 crystal structure (PDB: 4BN2).
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a4, Loop-11 (“KIF15-L11") and Loop-12 (“KIF15-L12"), accommodated the repositioning
of KIF15-a4 by facilitating the extension of KIF15-a4 away from the body of the motor
domain (Fig. 4.2C). Whereas KIF15-L12 remains extended in solution, the KIF15-L11 is
positioned away from the motor domain and binds along KIFBP-HP4a.

In addition to seeing changes in KIF15-L11, KIF15-04, and KIF15-L12, we saw
that the overall structure of KIF15 adopted a more open conformation (Fig. 4.2D & E).
The structure showed the shift of a-helices KIF15-a1, -a3, and -a6 away from the core of
the motor. We observed large movements for beta-strand pairs KIF15-1b-1c and
KIF15-B5b-35 in addition to loop KIF15-L5. These changes indicate that KIFBP stabilizes
several structural changes in KIF15 to block microtubule-binding. Thus, KIFBP blocks
microtubule binding by sterically preventing microtubule interaction in addition to

allosterically altering the KIF15 motor.
4.3.3 KIFBP binds to KIF15-a4 in a distinct manner relative to a-tubulin

Given that KIFBP binds along the microtubule-binding interface of KIF15, we
sought to compare the interaction interface between KIF15:KIFBP and KIF15:ap-tubulin
(Atherton et al. 2020). First, we noticed that the length of the a4 helix is shorter for KIF15-
KIFBP compared to the microtubule-engaged a4 helix (Fig. 4.3A-F). The length of a4 in
KIFBP:KIF15 is similar to the crystal structure of KIF15 when not bound to microtubules
(Klejnot et al. 2014). Second, KIF15-L11 is bent relative to a4 at an angle of ~120° (Fig.
4.3B), whereas KIF15-L11 on the microtubule adopts a helical structure to extend the
length of a4 (Fig. 4.3E) (Atherton et al. 2020). These two observations indicate that KIFBP
holds KIF15-a4 in a conformation that is incompatible with microtubule-binding.

Comparing the hydrophobicity and electrostatic charge surfaces on KIFBP vs. af3-
tubulin shows that KIFBP binds KIF15-a4 via hydrophilic and hydrophobic helices (Fig.
4.3B, C, E, & F). The strong electrostatic nature of af-tubulin results in minimal
hydrophobic residues contributing to KIF15 binding. Unlike B-tubulin, KIFBP utilizes a
composite binding site stretching across three helices to bind both hydrophobic and polar
residues to interact with KIF15-a4. Comparing the overall hydrophobicity and charge
distribution indicates that KIFBP binds KIF15-a4 in a manner distinct from ap-tubulin.
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Fig. 4.3. KIFBP binds to KIF15-a4 in a distinct manner relative to tubulin. Comparison of KIFBP- and a-tubulin-
bound KIF15. (A) KIF15:KIFBP atomic model. (Right) Gray rectangles indicate viewing directions for panels (B) &
(C). (B) & (C) Top and side views of KIF15-a4 interface (left), hydrophobicity (center), and Coulombic potential (right).
KIFBP binding residues for KIF15-a4 are shown in ball and stick mode and hydrophobic residues are labeled in (B).
(D) KIF15:aB-tubulin structure (PDB: 6ZP1)3* shown relative to KIF15:KIFBP (A). (Right) Gray rectangles indicate
viewing directions for (E) & (F). (E) & (F) Top and side views of KIF15-a4 interface (left), hydrophobicity (center), and
Coulombic potential (right).

4.3.4 KIFBP engages the microtubule-binding interface of KIF15 using multiple contact
points

To obtain further insight into the regions of KIFBP and KIF15 that interact with each
other, we performed crosslinking mass spectrometry (XL-MS). Recombinant KIFBP and
KIF15 (1-375) were incubated with the 11 A lysine-targeting crosslinker BS3, digested
with trypsin, and analyzed using tandem mass spectrometry. We identified crosslinked
peptides using pLink software (see Materials and Methods). We present all high-
confidence crosslinks between KIFBP and KIF15 peptides (e-value >0.05) in Table S5,
and have displayed them on the primary and secondary structures of KIFBP:KIF15 as
well (Fig. 4A & 4B, Movie S1).

We observed the highest density of crosslinks between three residues of KIFBP-
L1 (K26, K30, and K36) and the microtubule-binding interface of KIF15 (K273, K283,
K319, and K361) (Fig. 4.4A & C). Interestingly, these same KIF15 residues also
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Fig. 4.4. KIFBP physically contacts multiple sites along the microtubule-binding interface of KIF15. (A)
Schematic representing the location of identified crosslinks between the KIF15 motor domain (top) and KIFBP
(bottom). Secondary structure elements of the two proteins are represented by rectangles (B-sheets), rounded
rectangles (a-helices), and lines (unstructured regions). (B) Crosslinks shown in panel (A) have been superimposed
on the cryo-EM structure of KIF15:KIFBP. (C) Zoomed-in view of the crosslinks between KIFBP-L1 and KIF15. (D)
Zoomed-in view of the crosslinks between KIFBP-HP4a and -LH and KIF15. (E) Zoomed-in view of the crosslinks
between KIFBP-L17 and -HP9a/b and KIF15. Scale bars are 20A.
crosslinked to regions in the middle of KIFBP (HP4a, LH, and LL) (Fig. 4.4D) and towards
the C-terminus (L17, HP9a, and HP9b) (Fig. 4.4E). Two KIF15 residues that crosslinked
multiple KIFBP sites (K273 and K283) are located in KIF15-L11, adjacent to KIF15-04.
Additionally, residues KIF15-K273 and KIF15-K319 form the kinesin motor microtubule-
binding interface (Atherton et al. 2020). The high density of crosslinks involving these
KIF15 residues supports a mechanism of inhibition where KIFBP directly binds the
microtubule-binding domain of kinesins, occluding interactions with the microtubule
lattice.

KIFBP:KIF15 crosslinks span nearly the entire length of KIFBP to bind the KIF15
microtubule-binding surface. When superimposed onto the KIFBP:KIF15 structure (Fig.

4.4B-E), these crosslinks bridge distances greater than the 11 A BS3 can reach. This
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suggests that the crosslinked regions of KIFBP may associate transiently with the
microtubule-binding interface of KIF15 at different time points during complex formation

(see Discussion).
4.3.5 KIFBP inhibits KIF18A via a similar mechanism as KIF15

After characterizing how KIFBP inhibits KIF15 (kinesin-12 family), we next aimed
to establish whether KIFBP utilizes the same mode of inhibition for a kinesin motor from
a different kinesin family, KIF18A (kinesin-8 family). To determine how KIFBP inhibits
KIF18A, we first purified recombinant KIF18A (1-363) motor domain, incubated KIF18A
with KIFBP, and performed size exclusion chromatography to confirm the formation of a
1:1 complex (Fig. S4.9). After preparing cryo-EM grids with the complex, we obtained 2D
class averages that appeared similar in shape and features as seen previously for KIF15
(Fig. S4.10), further confirming the formation of a KIFBP:KIF18A complex.

After performing further single particle analysis, the cryo-EM structure of
KIFBP:KIF18A revealed that KIFBP binds KIF18A like KIF15 (Fig. 4.5A-B, Fig. S4.11,
Table S4.4). In the structure, KIFBP N- and C-terminal domains engage both sides of the

motor domain while KIF18A-a4 is displaced away from the motor into the central cavity

KIF18A:KIFBP KIF18A:KIFBP KIF15:KIFBP

IF18A-ad = fad

Fig. 4.5. KIFBP inhibits KIF18A via a similar mechanism as KIF15. (A) Cryo-EM reconstruction of KIF18A:KIFBP.
(B) Atomic model of KIF18A:KIFBP. (C) Segmented KIF18A density shown alongside KIFBP atomic model, rotated
180° from (A). (D) Zoomed-in view of KIF18A density and model on KIFBP interface. (E) Segmented KIF15 density
shown in a similar orientation as (C). (F) Zoomed-in view of KIF15:KIFBP interface.
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of KIFBP. To highlight the similarities between KIFBP engagement of KIF15 and KIF18A,
we segmented the motor density from either KIFBP:KIF18A (Fig. 4.5C-D) or KIFBP:KIF15
(Fig. 4.5E-F). This comparison shows for both motors that 1) a4 is held within the central
cleft of KIFBP, 2) Loops-11 & -12 are extended away from the motor, and 3) KIFBP-L11
adopts a curved shape as it makes a ~120° turn to follow helix KIFBP-HP4a within the
KIFBP cleft. Thus, KIFBP stabilization of kinesin a4 helix away from the motor is a shared
mode of kinesin inhibition by KIFBP for KIF18A and KIF15.

4.3.6 KIFBP utilizes Loop-1 and Loop-14 to bind kinesin in vitro

Our structural data and XL-MS results identified multiple KIFBP:motor interactions
that may be important for robust binding and inhibition of motor activity. In particular, our

XL-MS results revealed that the most extensively crosslinked residues in KIFBP occurred
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Fig. 4.6. KIFBP utilizes Loop-1 and Loop-14 to bind kinesins in vitro. (A) Schematic showing the locations of the
three mutations on the cryo-EM structure of KIF15:KIFBP (top) and the secondary structure of KIFBP (bottom).
Mutations were made to Loop-1, Loop-14, and HP9b of KIFBP. (B) Mutated residues in each mutant are indicated
with asterisks; residue position is indicated above each sequence. (C and D) Representative Coomassie gels showing
results of in vitro pull-down assays where KIFBP proteins were pulled down by either KIF15 (C) or KIF18A (D).
Supernatant and pellet samples, as well as the presence or absence of kinesin, are indicated at the top of each gel.
(E) Quantifications of pull-down assays shown in panels (C) and (D) are graphed as the ratio of each KIFBP protein
to KIF15 or KIF18A in the pellet.
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within Loop-1 and the C-terminal helix pairs of KIFBP (Fig. 4.4A, Table S4.5). Our cryo-
EM structure of KIFBP complexed with the motor domains of both KIF15 and KIF18A
support a prominent role for Loop-1 in motor engagement. We therefore targeted both
KIFBP-L1 and KIFBP-HP9b for mutagenesis, selecting positively and negatively charged
residues in those regions and substituting them with alanine or glycine residues (Fig.
4.6B). We also constructed a third KIFBP mutant by mutating residues 460-465 in KIFBP-
L14 to alanine (Fig. 4.6B) because of the proximity of KIFBP-L14 to KIF15 and previous
work indicating that it is important for kinesin motor binding (Atherton et al. 2020). All
proteins were purified for in vitro binding studies (Fig. S4.12).

First, we tested the ability of these three KIFBP mutants to bind the motor domains
of KIF15 and KIF18A in vitro. We performed in vitro pull-down assays using hexahistidine-
tagged motor domains of either KIF15 (1-375) or KIF18A (1-363) immobilized on nickel
resin, and analyzed the ratio of recombinant wildtype or mutant KIFBP to kinesin motor
domain in the pellet. We used GST as a negative control, which showed little to no
nonspecific interaction with nickel resin or immobilized kinesin. When incubated with
KIF15, we observed a four-fold reduction in binding of the KIFBP-L1™ mutant and a two-
fold reduction in binding of the KIFBP-L14™ mutant compared to KIFBP-WT, indicating
that mutations in these regions abrogate the ability of KIFBP to interact with the motor
robustly. Surprisingly, the KIFBP-HP9b™ showed no difference in binding compared to
KIFBP-WT, suggesting that the charged residues mutated are not essential for motor
binding. Thus, although both Loop-1 and the C-terminus of KIFBP were implicated as
potentially important for binding in our XL-MS experiment (Fig. 4.4C & E), mutations to
only one of these regions, Loop-1, affected binding biochemically.

Next, we repeated pull-down assays with KIF18A immobilized on the resin and
analyzed binding of the same panel of mutants. Similar to KIF15, the KIFBP-L1™ mutant
showed a three-fold reduction in binding compared to KIFBP-WT. Intriguingly, the KIFBP-
L14™ mutant showed only a slight 10% reduction in binding to KIF18A compared to
KIFBP-WT, in contrast to the 50% decrease in binding to KIF15.

4.3.7 Mutations in KIFBP-L1 and KIFBP-L14 disrupt the regulation of mitotic kinesins
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Overexpression of KIFBP in HeLa cells leads to defects in chromosome alignment
and an increase in spindle length (Malaby et al. 2019). To determine whether mutations
that block KIFBP interaction in vitro also reduce KIFBP effects during mitosis, we
transfected N-terminally mCherry-tagged KIFBP constructs into HeLa Kyoto cells and
measured chromosome alignment and spindle length in metaphase arrested cells.
Consistent with previous results, overexpression of mCherry-KIFBP-WT decreased
chromosome alignment, quantified by an increase in full-width at half maximum (FWHM)
of centromere fluorescence distribution along the length of the spindle (Fig. 4.7A & B)
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Fig. 4.7. Mutations in KIFBP-L1 and -L14 diminish KIFBP-mediated regulation of spindle length and
chromosome alignment during mitosis. (A) MG132-arrested HeLa Kyoto cells overexpressing mCherry or
indicated mCherry-KIFBP construct. Scale bar 2 um. (B) Top: Graph of spindle lengths measured in cells
overexpressing mCherry or indicated mCherry-KIFBP construct. Each dot represents a single cell. Mean + standard
deviation is displayed. Statistical results are shown for a one-way ANOVA with Tukey’s Multiple Comparisons test.
N.S. indicated not significant, **** indicates adjusted p-value < 0.0001 with 95% confidence interval. See Figure S13
for spindle length versus average mCherry expression for individual cells. Bottom: Graph of full-width at half maximum
(FWHM) of centromere fluorescence distribution along the length of the spindle measured in cells overexpressing
mCherry of indicated mCherry-KIFBP construct. Each dot represents a single cell. Mean + standard deviation is
displayed. Statistical results are shown for a one-way ANOVA with Tukey’s Multiple Comparisons test. N.S. indicated
not significant, **** indicates adjusted p-value < 0.0001 with 95% confidence interval. See Figure S13 for FWHM
distance versus average mCherry expression for individual cells. Data were obtained from a minimum of three
independent experiments. The following cell numbers were analyzed for the mCherry and mCherry-KIFBP constructs:
(1) mCherry (control) = 132 cells; (2) mCherry-KIFBP-WT = 165 cells; (3) mCherry-KIFBP-L1™ = 102 cells; (4)
mCherry-KIFBP-L14™ = 99 cells; and (5) mCherry-KIFBP-HP9b™ = 89 cells.
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(Malaby et al. 2019; Fonseca and Stumpff 2016). Overexpression of mCherry-KIFBP-WT
also increased spindle lengths, as shown previously (Malaby et al. 2019) (Fig. 4.7A & B).
These mitotic effects scaled with the mCherry-KIFBP-WT expression level, where cells
expressing higher levels of mCherry-KIFBP-WT had longer spindles and more severe
chromosome alignment defects (Fig. S4.13).

To test the mitotic effects of the KIFBP mutants, we generated mCherry-KIFBP
overexpression mutant constructs mCherry-KIFBP-L1™, mCherry-KIFBP-L14™, and
mCherry-KIFBP-HP9b™ (Fig. 4.6B). Cells expressing mCherry-KIFBP-L1™ and mCherry-
KIFBP-L14™ mutants displayed similar chromosome alignment and spindle lengths as
cells overexpressing the mCherry control (Fig. 4.7A & B). In contrast to mCherry-KIFBP-
WT, mitotic effects of mCherry-KIFBP-L1™ did not scale with expression level, suggesting
that mCherry-KIFBP-L1™ does not inhibit kinesin activity even when expressed at higher
levels (Fig. S4.13). Spindle length and chromosome alignment defects increased at high
expression levels of mCherry-KIFBP-L14™, suggesting mCherry-KIFBP-L14™ may inhibit
kinesin activity at high expression levels (Fig. S4.13). In contrast to mCherry-KIFBP-L1™
and mCherry-KIFBP-L14™, mCherry-KIFBP-HP9b™ showed similar effects as mCherry-
KIFBP-WT overexpression, decreasing chromosome alignment and increasing spindle
length (Fig. 4.7A & B). Interestingly, mitotic defects did not scale with expression level for
mCherry-KIFBP-HP9b™, in contrast to mCherry-KIFBP-WT (Fig. S4.13). Cells expressing
lower levels of mCherry-KIFBP-HP9b™ displayed mitotic defects, suggesting that
mCherry-KIFBP-HP9b™ may be a more potent inhibitor than mCherry-KIFBP-WT. These
findings are consistent with the in vitro observations that KIFBP-L1™ and KIFBP-L14™
reduce KIFBP’s interaction with KIF15 and KIF18A, whereas the KIFBP-HP9b™ does not
block interaction (Fig. 4.6C-E).

To further investigate the cellular effects of the KIFBP mutations, we measured
KIF18A localization in HeLa Kyoto cells overexpressing wild type KIFBP or the KIFBP
mutants. KIF18A accumulates at the plus-ends of microtubules during metaphase, and
we have previously shown that overexpression of mCherry-KIFBP-WT alters KIF18A
spindle localization (Malaby et al. 2019). Overexpression of mCherry-KIFBP-WT
abolishes KIF18A plus-end enrichment and leads to a more uniform spindle localization
(Fig. 4.8A), consistent with previous observations (Malaby et al. 2019). Line-scan analysis
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Fig. 4.8. Mutations in KIFBP-L1 and -L14 disrupt KIFBP-regulation of KIF18A localization. (A) KIF18A
localization in MG132-arrested HelLa Kyoto cells overexpressing mCherry or indicated mCherry-KIFBP construct.
Hecl is used as a marker for the kinetochore. Scale bar 2 um. (B) Line scan analyses of KIF18A distribution along
kinetochore microtubules. Fluorescence values were normalized, aligned by peak Hecl intensity, and averaged
across multiple line scans. Hecl, blue; KIF18A, green; Tubulin, magenta. Solid lines indicate the means, shaded
areas indicate standard deviation. A.U. indicates arbitrary units. The following cell numbers and line scans were
analyzed for the mCherry and mCherry-KIFBP constructs: (1) mCherry (control) = 40 cells (64 lines); (2) mCherry-
KIFBP-WT = 34 cells (64 lines); (3) mCherry-KIFBP-L1™ = 34 cells (64 lines); (4) mCherry-KIFBP-L14™ = 32 cells (68
lines); and (5) mCherry-KIFBP-HP9b™ = 33 cells (63 lines).

confirmed the loss of KIF18A from microtubule plus-end enrichment along individual
kinetochore microtubules (Fig. 4.8B).

We predicted that mutations that abolished KIFBP interaction with kinesins in vitro
would not disrupt KIF18A localization. Overexpression of mCherry-KIFBP-L1™ and
mCherry-KIFBP-L14™ did not disrupt KIF18A plus-end enrichment on kinetochore
microtubules (Fig. 4.8A & B). In contrast, overexpression of mCherry-KIFBP-HP9b™
showed similar effects to overexpression of mCherry-KIFBP-WT (Fig. 4.8A & B). This is
especially interesting considering that KIFBP-L14™ binds KIF18A in vitro, suggesting that

the interaction is not necessarily equivalent to inhibition. Even a 10% reduction in binding
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may be sufficient to impair regulation by KIFBP beyond a cellular threshold. Taken
together, these results support the conclusion that KIFBP Loop-1 and Loop-14 are critical
regions for kinesin interaction and indicate that both regions are necessary for KIFBP to
limit KIF15 and KIF18A activity during mitosis.

4.3.8 KIFBP-binding kinesins adopt conformations that are distinct from non-KIFBP
binding kinesins

To gain insight into how KIFBP inhibits particular kinesins, we performed a series
of molecular dynamics (MD) simulations using a number of kinesin family members. We
selected two members that bind KIFBP (KIF15 and KIF18A) as well as two that show little
or no interaction with KIFBP (KIF5C and KIF11) (Kevenaar et al. 2016). Using only the
motor domains, we performed 500+ nanosecond simulations of all-atom MD for each
protein in the unbound, ADP state (see Methods).

To analyze the dynamics and conformational spaces explored by these proteins,
we compared MD trajectories between KIFBP-binding motors (KIF15 and KIF18A) and
motors that do not bind KIFBP (KIF5C and KIF11). We performed principal component
analysis (PCA) using the KIF15 simulation as the reference for the other proteins to
reduce dimensionality. To minimize noise in the PCA analysis that comes from
fluctuations in unstructured regions of the protein, we only analyzed amino acids that were
in stable secondary structure elements (a-helices of B-strands) at least 80% of the time.
Finally, we removed a4 from the PCA analysis since this helix remained stably bound to
the motors in the simulations (Fig. S4.14), but is extended in the cryo-EM structure and
would thus skew the PCA results.

Comparison of PCA analysis for these kinesin motors shows that 1) all four
proteins have similar ranges of motion and explore comparable regions of conformational
space and 2) there are specific motions that are only present in KIFBP-binding kinesins
(KIF15 and KIF18A) (Fig. 4.9A). Close inspection of the amino acids that contribute to
PC1 (i.e., the largest motions of KIF15) revealed that splaying of both the C-terminal end
of a3 and the N-terminal end of a6 are the dominant contributors to this mode. These
structural differences are consistent with the KIFBP:KIF15 cryo-EM structure (Fig. 4.2D)
where movements of these helices are a defining feature of the bound complex. Thus,
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Fig. 4.9. Molecular dynamics reveals specific conformations adopted by KIF15 and KIF18A that may promote
KIFBP-binding. (A) Principal Component Analysis of the MD simulations for all four kinesin motors (KIF15, KIF18A,
KIF5C, and KIF11). The two KIFBP binders (KIF15 and KIF18A in shades of blue) can reach the conformation of the
cryo-EM complex, but the non-binders (KIF5C and KIF11 in shades of red) do not. (B) Overview of KIF15:KIFBP
structure. (C) Comparison of KIF15-a3 between MD simulations and cryo-EM. (D) Differences in Loop-11 between
KIF15 and KIF5C. For KIF15, Loop-11 fits within the KIFBP pocket while the extended Loop-11 structure of KIF5C
clashes with KIFBP.

MD simulations indicate that only KIF15 and KIF18A are able to reach the conformation

found in the bound complex (Fig. 4.9A).

The MD KIF15 solution structure differs in specific structural regions with KIFBP-
bound KIF15. First, the KIF15 solution structure shows that KIF15-a4 remains closely
bound to the motor body throughout each simulation. This would suggest that the release
and translocation of KIF15-a4 would only occur upon interaction with KIFBP, or on a much
longer time scale than that sampled during the simulation. Second, even though we saw
that the movement of KIF15-a3 was a key feature from the PCA analysis, we see in the
cryo-EM structure that the C-terminal end of KIF15-a3 loses its structure over the final 8-
9 residues, forming an extended loop with a short antiparallel B-sheet (Fig. 4.9B & C).
This part of KIF15 makes contact with KIFBP and it appears that this structural change
would allow better contact between KIF15 and KIFBP.

Lastly, even though a4 has a nearly identical conformation for all kinesins, L11 is
much more dynamic and its conformation is kinesin-dependent. For KIF5C, L11 tends to
be extended away from a4, and when superimposed on the cryo-EM complex, L11 has a
steric clash with KIFBP (Fig. 4.9B & D). Conversely, both KIF15 and KIF18A adopt more

compact L11 structures and these fit well within the cavity of the KIFBP structure (KIF15
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structure shown in Fig. 4.9D). Taken together, this suggests that the overall conformation
of the motor head as well as the dynamics or conformation of more flexible parts of each
protein may act in concert to determine which kinesins will bind to KIFBP and which will

not.

4.4 Discussion

Our work presents a previously undescribed mode of kinesin motor protein
regulation via a multivalent interaction between KIFBP and the kinesin motor domain.
Using a combination of cryo-EM, XL-MS, MD simulations, biochemical assays, and cell
biology, we describe a model in which KIFBP stabilizes the microtubule-binding a4 helix
(Vale and Milligan 2000; Sosa et al. 1997; Woehlke et al. 1997; Kull et al. 2013) away
from the kinesin motor domain in addition to sterically inhibiting the microtubule-binding
interface. Interestingly, KIFBP does not mimic the negatively-charged microtubule
surface (Nogales et al. 1995) to engage kinesin motors. Instead, KIFBP utilizes a
hydrophobic cleft to hold a4 and Loop-11 in a conformation that is incompatible with
microtubule-binding, while simultaneously engaging and sterically inhibiting the kinesin
microtubule-binding interface (Fig. 4.3).

Determining the binding mechanism of KIFBP relied on cryo-EM structural data for
relatively small macromolecular samples. We determined a near-atomic structure of
KIFBP corresponding to ~40kDa out of 72 kDa, using this reconstruction for de novo
model building. This places the KIFBP reconstruction and model among the smallest
molecular weight macromolecules to be built de novo by cryo-EM. The relatively small
size of KIFBP may be the driving factor limiting the overall resolution of KIFBP alone to
~3.8A instead of obtaining higher-resolution reconstructions.

During the preparation of this work, another study utilized cryo-EM and cell biology
assays to propose a mechanism of KIFBP-mediated kinesin inhibition (Atherton et al.
2020). In this study, Atherton et al. determined lower resolution structures of KIFBP (4.8A)
and KIFBP-KIF15 (6.9A) to arrive at a similar model of kinesin motor inhibition, where
KIFBP stabilizes the a4 helix away from KIF15. In our work, our higher-resolution
structures of KIFBP alone (3.8A) and KIFBP-KIF15 (4.8A) allowed us to 1) build a high-
confidence atomic model for KIFBP and 2) map conformational changes in the KIF15

motor when bound to KIFBP. Importantly, we showed that KIFBP utilizes a similar mode
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of inhibition for KIF18A, indicating that our proposed model is likely a general mode of
kinesin inhibition. Finally, we used our structures alongside XL-MS to map the interaction
of KIFBP with kinesin motors and showed that blocking the interaction between KIFBP
with KIF15 and KIF18A via mutagenesis minimizes its ability to regulate motor activity in

the physiologically-relevant context of mitosis (Fig. 4.7 & 4.8).
4.4.1 Kinesin motor recognition by KIFBP

Our cryo-EM reconstruction of KIFBP reveals that KIFBP contains a 9-TPR array,
which folds into a solenoid with a concave kinesin-interacting surface. Unlike continuous
TPR proteins like LGN (Mapelli and Gonzalez 2012), KIFBP is punctuated by a centrally
located helix and loop (Fig. 4.1). The binding of KIFBP to kinesin motor heads is strikingly
different from the interaction of many TPR proteins to their ligands (Perez-Riba and
Itzhaki 2019). Many TPR proteins bind a short sequence, e.g. HOP binds the motif
MEEVD in Hsp90 (Scheufler et al. 2000). In contrast, our cryo-EM and XL-MS show that
the interaction of KIFBP with kinesin motors is highly multivalent. First, KIFBP-L1,
localized at its N-terminus, engages a3 and 36 of the kinesin motor head. Second, KIFBP-
L14 contacts 34-B5 of KIF15 and KIF18A with amino acid E168 in the KIF15 motor domain
(or E161 in KIF18A) positioned to play a key role in this interaction. Third, a4 helices of
KIF15 and KIF18A become nestled into a multi-helix groove created by KIFBP-HP4a, -
HP4b, and -HP5a. The binding of KIF15/KIF18A-a4 to KIFBP is striking because it
requires a 15 A displacement of the helix from its resting position within the kinesin motor
head.

Our structure- and XL-MS-guided mutagenesis study of KIFBP revealed that
KIFBP-L1 is especially important for motor binding. Charge-neutralization of Loop-1
renders KIFBP incompetent for binding both KIF15 and KIF18A in vitro (Fig. 4.6).
Consistent with these data, the KIFBP-L1™ failed to produce phenotypes associated with
KIFBP overexpression in cells, i.e., disruption of chromosome alignment and increased
spindle length (Fig. 4.7 & 4.8). Unlike KIFBP-WT, the KIFBP-L1™ mutant was also
incapable of disrupting KIF18A localization.

In contrast to KIFBP-L1, the role of KIFBP-L14 in motor inhibition remains less

clear. Previous work utilizing an artificial peroxisome transport assay suggested that
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KIFBP-L14 is important for the ability of KIFBP to inhibit the motor activities of KIF1A and
KIF15 (Atherton et al. 202). Interestingly, however, mutation of KIFBP-L14 more strongly
affected the ability of KIFBP to retrieve KIF1A from cell lysates than KIF15. In our
experiments with purified proteins, we observed reduced binding of KIFBP-L14™ to KIF15,
but only minimal reduction in binding to KIF18A (Fig. 4.6). Surprisingly, in cells, KIFBP-
L14™ reduced the ability of KIFBP to disrupt metaphase chromosome alignment, spindle
length homeostasis and KIF18A localization (Fig. 4.7 & 4.8). However, high levels of
KIFBP-L14™ did produce phenotypes associated with KIFBP overexpression, suggesting
that KIFBP-L14™ is capable of weak interactions with KIF18A and/or KIF15. This
discrepancy in binding is surprising since the region implicated in interaction with KIFBP-
L14, kinesin Loop-8, is highly conserved between KIF15 and KIF18A. Furthermore, the
precise binding site of KIFBP-L1 on KIF15/KIF18A is unclear, impeding a more detailed
comparison between the KIFBP-L1 and -L14 interaction surfaces. Taken together, these
data suggest KIFBP-L14 may be more important for binding some kinesins than others,
but that binding for all three kinesins collectively tested (KIF15, KIF18A, and KIF1A) was
reduced beyond some cellular threshold necessary for producing the observed
phenotypes of mitotic defects or reduced peroxisome transport. More work is required to
relate the ability of KIFBP to bind kinesin motors in vitro to its ability to regulate kinesins
in cells.

Lastly, we observed a high density of crosslinks between KIFBP-HP9b (residues
K610 and K617) and the microtubule-binding interface of KIF15 (Fig. 4.4). These
structural elements are not within the crosslinking range of BS3 in our cryo-EM structures
(Fig. 4.2 & 4.5), and the significance of these crosslinks is therefore not clear. Perhaps in
line with this, our analysis of the charge-neutralization mutant KIFBP-HP9b™ revealed that
this mutation had little effect on in vitro interaction with KIF15 or KIF18A or on the mitotic
phenotypes we quantified, suggesting that electrostatic interactions with amino acids 610-
617 of KIFBP are not critical for kinesin interaction. A role for the C-terminus in KIFBP-
motor interactions should not be dismissed, as a recent study identified a novel nonsense
KIFBP mutation in a GOSHS patient that truncates the protein at position 593 (Cubuk
2021). It will be interesting to determine if the C-terminus of KIFBP is generally important
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for its interaction with all kinesins, or if it instead drives interactions with kinesins that are

more clinically relevant to GOSHS.
4.4.2 KIFBP remodels the kinesin motor head to displace kinesin-a4

Kinesin a4 helix plays a critical role in motor-KIFBP binding. Lysine residues within
KIFBP-HP4a (K205) and KIFBP-LH (K307) crosslink residues located in KIF15-L11 (K273
and K283). Surprisingly, residues in KIFBP-L1 (K26, K30, K36) also crosslinked KIF15
residues K273 and K283. The significance of these crosslinks is not clear, but these data
may suggest that an intermediary complex between KIFBP and kinesin motor domains,
driven by the interaction of KIFBP-L1 with kinesin Loopll, may form prior to the
acquisition of the final bound state.

One outstanding question concerns the mechanism by which KIF15/KIF18A a4
undergoes long-range motion to achieve KIFBP binding. The simplest possibility is that
a4 is positionally unstable. If sufficiently compliant, the adjacent loops, i.e., Loops11 and
12, may allow a4 excursions that eventually result in “capture” of a4 by KIFBP. Long-
range motions of a4 are not without precedent. For example, Wang et al. (2016) observed
by X-ray crystallography that a4 of KIF19 is positioned much farther from the motor head
than is typical (Wang, Nitta, Hirokowa 2016). Our MD work, however, suggests that a4
remains closely associated with the motor head (Fig. S4.14), leading us to speculate that
the binding of a motor head by KIFBP results in allosteric changes in the structure of both
proteins, inducing motions of a4 that predispose it to KIFBP binding. Comparison of KIF15
in apo versus bound states supports this possibility (Fig. 4.2D-E). When bound to KIFBP,
KIF15 showed a shift of several a helices (a1, a3, a6) away from the core of the motor as
well as large movements of several beta-strand pairs. The movement of these structural
elements causes the motor to assume a more open conformation.

Another unresolved issue is the functional relevance of a4 extraction by KIFBP. a4
is displaced a substantial distance from its position in the motor head (Fig. 4.2A-C), but it
is unclear why this displacement is advantageous for the mechanism of action by KIFBP.
In principle, steric inhibition of the KIF15/KIF18A microtubule-binding domain should be
sufficient to prevent motor-microtubule binding. One possibility is that a4 extraction is

necessary for the formation of a stable, long-lived complex; however, as mentioned
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above, our MD analysis suggests that a4 is only available for extraction due to allosteric
changes caused by KIFBP binding. Additionally, mutating KIFBP Loop-1 disables both in
vitro interaction (Fig. 4.6) and motor inhibition in cells (Fig. 4.7 & 4.8), indicating that a4
displacement is not sufficient for complex formation. Another possibility is that a4
extraction is necessary for complex maintenance, perhaps serving to lock the motor in a
bound conformation. It is also yet unknown how KIFBP dissociates from kinesin motor
domains; it is possible that the interaction of a4 with HP4a/b-HP5 may be stable enough
to require some form of active regulation for disengagement. Future work is required to
elucidate the functional implications of a4 extraction.

In summary, our work establishes a structural mechanism by which KIFBP
inactivates the microtubule-binding activity of mitotic kinesins KIF15 and KIF18A. Unlike
common TPR tandem proteins, KIFBP uses multivalency to form a complex with the
kinesin motor head. Multivalency may explain why it has not been possible to identify a
consensus sequence for kinesin motors that bind KIFBP versus those that do not
(Atherton et al. 2020). Our MD simulations and PCA analysis also indicate that motor-
specific steric clashes may serve as a mechanism that prevents certain motors from
binding KIFBP. Specifically, we observed that L11 of KIF5C would sterically clash with
KIFBP-HP2, whereas L11 of KIF15 and KIF18A fits within the cavity between HP3 & HP4
of KIFBP. Further work is required to test the generality of this idea. An additional area
for future work is to reveal the mechanism by which KIFBP dissociates from a kinesin
motor. The multivalency with which KIFBP interacts with a kinesin motor, in particular the
interaction of HP4a/b-HP5 with a4, suggests that a motor will not readily disengage from
KIFBP. Motor recycling may require active regulation, e.g., phosphorylation, as proposed

in earlier work (Kevenaar et al. 2016).

4.5 Materials and Methods
4.5.1 Plasmid construction

The following plasmids that were used in this study were previously described
elsewhere: GST-KIFBP (Malaby et al. 2019), mCherry and mCherry-KIFBP expression
plasmids (Malaby et al. 2019). The construction of the other plasmids used in this study

is described as follows.
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Hise-KIF15-N375 was created through isothermal assembly where the first 375
amino acids of the KIF15 open reading frame were amplified from pEGFP-C1-KIF15-FL
(Sturgill et al. 2014) and inserted into the pET15b vector. Correct insertion was confirmed
by sequencing.

Hiss-KIF18A-N363 was created through isothermal assembly where a gBlock gene
fragment of the first 363 amino acids of KIF18A codon-optimized for expression in E. coli
(IDT) was inserted into the pET15b vector. Correct insertion was confirmed by
sequencing.

GST-KIFBP-L1™ was created by site-directed mutagenesis of GST-KIFBP,
replacing amino acids 21-40 with the altered amino acid sequence described in Fig. 6B.
Similarly, GST-KIFBP-HP9b™ was created by site-directed mutagenesis of GST-KIFBP
replacing amino acids 610-617 with the altered amino acids sequence described in Fig.
6B. Mutagenesis was confirmed by sequencing of the open reading frame. mCherry-
KIFBP-L1™ and mCherry-KIFBP-HP9b™ were created in the same manner by site-
directed mutagenesis of the mCherry-KIFBP wild-type plasmid using the primers
described in the Key Resources Table. PCR products were circularized using the
commercially available KLD Enzyme Mix (New England Biolabs). The resulting plasmids
were confirmed by sequencing.

To create the mCherry-KIFBP-L14™ plasmid, a GeneStrand containing KIFBP
base pairs 1092-1588 with the L14™ mutations was synthesized (Eurofins) (Sequence
provided in Key Resources Table). This gene fragment was then inserted into the
mCherry-KIFBP expression vector by isothermal assembly using the commercially
available Gibson Assembly Master Mix (New England Biolabs) after PCR amplification of
the mCherry-KIFBP expression vector with the primers described in the Key Resources
Table. The resulting clones were confirmed by sequencing. GST-KIFBP-L14™ was then
created by isothermal assembly wherein the full KIFBP sequence containing the mutated
residues was inserted into the pGEX-6P-1 vector. Correct insertion was confirmed via

sequencing.

4.5.2 Protein expression and purification
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Expression of GST-KIFBP, GST-KIFBP-L1™, GST-KIFBP-L14™, and GST-KIFBP-
HP9b™ were induced in BL21-DE3 cells with 0.4 M IPTG overnight at 16° C. Cells were
pelleted and resuspended in lysis buffer (1X PBS, 0.5 mM NaCl, 5 mM -
mercaptoethanol, 1% NP-40, and protease inhibitors [1L mM PMSF, 1 mM benzamidine,
and 10 ug/mL LPC]), after which they were incubated with 1 mg/mL lysozyme for 30
minutes on ice followed by sonication. The lysate was clarified by centrifugation for 30
min at 35,000 rpm at 4°C in a Type 45 Ti rotor (Beckman). Cleared lysate was incubated
with 2 mL glutathione-sepharose (Thermo Fisher Scientific) for 1 hr and washed with 50
mL [25 CV (column volume)] wash buffer (1X PBS, 0.5 M NaCl, 5 mM -
mercaptoethanol). Resin was incubated with 200 yL PreScission Protease (Cytiva) in 2
mL cleavage buffer (50 mM Tris-HCI, pH 7.0, 150 mM NaCl, 1 mM EDTA, 1 mM DTT) for
4 hr at 4° C to cleave the GST tag. Protein was eluted with 50 mM Tris-HCI, pH 8.0, and
peak fractions were combined and clarified by centrifugation for 5 min at 20,000 rpm at
4°C, after which they were subjected to size exclusion chromatography on a Superdex
200 column (GE Healthcare) equilibrated in 10 mM K-HEPES, pH 7.7, 50 mM KCI, and 1
mM DTT. Protein concentration of fractions after gel filtration were estimated using a
Bradford assay, after which peak fractions were combined, concentrated to >1 mg/mL
using Amicon 10 kDa centrifugal filter units (Millipore), and either used immediately for
cryo-EM or flash frozen and stored at -80°C.

Expression of Hiss-KIF15-N375 and Hise-KIF18A-N363 was induced in BL21-DE3
cells with 0.4 M IPTG overnight at 16° C. Cells were pelleted and resuspended in lysis
buffer (1X PNI [50 mM sodium phosphate, 500 mM NaCl, 20 mM imidazole], 1% NP-40,
1 mM MgATP, and protease inhibitors [1L mM PMSF, 1 mM benzamidine, and 10 ug/mL
LPC]), after which they were incubated with 1 mg/mL lysozyme for 30 minutes on ice
followed by sonication. The lysate was clarified by centrifugation for 30 min at 35,000 rpm
at 4°C in a Type 45 Ti rotor (Beckman). Cleared lysate was incubated with 2 mL Ni-NTA
agarose (Qiagen) for 1 hr and washed with 50 mL wash buffer (1X PNI, 100 uM MgATP,
5 mM B-mercaptoethanol). Protein was eluted with elution buffer (1X PNI, 100 uM
MgATP, 5 mM B-mercaptoethanol, 200 mM imidazole) and peak fractions were combined
and clarified by centrifugation for 5 min at 20,000 rpm at 4°C, after which they were
subjected to size exclusion chromatography on a Superdex 200 column equilibrated in
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gel filtration buffer (10 mM K-HEPES, pH 7.7, 50 mM KCI, 1 mM DTT, and 0.2 mM
MgATP). Protein concentration of fractions after gel filtration were estimated using a
Bradford assay, after which peak fractions were combined and concentrated to >1 mg/mL
using Amicon 10 kDa centrifugal filter units (Millipore). Prior to cryo-EM grid preparation,
the protein was then mixed with equimolar KIFBP and subjected to size exclusion
chromatography a second time on a Superose 6 column (GE Healthcare) equilibrated
with gel filtration buffer. Peak fractions were analyzed by SDS-PAGE and stained with
Coomassie blue. Fraction(s) containing only the two proteins of interest were then

combined, concentrated to >1 mg/mL, and used immediately for cryo-EM.
4.5.3 Cryo-EM grid preparation and data collection

For cryo-EM grid preparation, after size exclusion chromatography, KIFBP was
concentrated to 4mg/ml whereas KIFBP:KIF15 and KIFBP:KIF18A complexes were each
concentrated to 1mg/ml. Aliquots of 4uL were applied on glow-discharged UltrAuFoil
R(1.2/1.3) 300 mesh gold grids (Electron Microscopy Sciences). The grids were then
blotted with filter paper and plunge-frozen into liquid ethane cooled by liquid nitrogen
using a Vitrobot Mark IV (Thermo Fisher Scientific) set to 4°C, 100% humidity, 1.5s blot,
and a force of 20.

For KIFBP and KIFBP:KIF15 samples, datasets were collected using Leginon
(Suloway et al. 2009) on a Thermo Fisher Scientific Glacios transmission electron
microscope operating at 200keV equipped with a Gatan K2 Summit direct electron
detector (Gatan Inc.) in counting mode. For KIFBP, a total of 11,086 micrographs were
collected through 3 data collection sessions with total doses of 58-68e/A2 during
exposure time of 7-9s, dose fractionated into 35-45 movie frames at defocus ranges of 1-
2um. The magnification used here is 45000x, resulting in a physical pixel size of 0.98 A
per pixel. For KIFBP:KIF15, 4 data collection sessions were performed with 45000x
magnification and a physical pixel size of 0.98 A per pixel. A total number of 6,184
micrographs were collected with a total dose of 60 e/A2 during 6-7s exposure time, dose
fractionated into 30-35 movie frames.

Data collection for the KIFBP:KIF18A sample was automatically collected using
Leginon(49) on an FEI Talos Arctica transmission electron microscope operating at
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200keV equipped with a Gatan K2 Summit direct electron detector in counting mode.
Three datasets were collected, resulting in a total 4,669 micrographs in a physical pixel
size of 0.91 A per pixel. The total dose ranges from 52-62 e /A2 in a 7-8s exposure time

with dose fractionated into 35-40 movie frames.
4.5.4 Cryo-EM data processing

The data processing diagram for KIFBP is shown in Fig.s S2 & S3. Movie
alignment, Contrast Transfer Function (CTF) parameter estimation, and particle picking
were performed using Warp (Tegunov and Cramer 2019). The resulting particles were
imported into cryoSPARC (Punjani et al. 2017) and underwent iterative 2D classification
to remove incorrect particle picks. We initially analyzed sample heterogeneity in ‘dataset3’
using ab-initio reconstruction with 3 classes. Particles from the one higher-resolution
class were then subjected to another round ab-initio reconstruction with 2 classes,
resulting in two very similar classes. After careful examination, we believe that the first
class is the full-length KIFBP map, while the other is the KIFBP lack of the C-terminal
helices, explaining why some class averages are missing the C-terminal helices pairs of
the KIFBP.

To resolve the structure of the full KIFBP, we deliberately selected the class
averages from ‘dataset1’ and ‘dataset2’ that resemble the full KIFBP molecule using
cryoSPARC (Punjani et al. 2017). These patrticles were then combined with the particles
from the full-length KIFBP class in ‘dataset3’ and subjected to ab-initio reconstruction with
2 classes. Particles from the higher-resolution classes were selected for non-uniform
refinement (Punjani. Zhang, and Fleet 2020) to obtain a 4.7A resolution map. The map
quality was improved to 4.6A using local refinement with a static mask. The resulting map
was manually sharpened for the visual inspection purpose using a B-factor of -50A2.

Next, we focused on analyzing the N-terminus of KIFBP lacking the C-terminal
helices to try to improve the resolution. Particles from ‘dataset2’ were chosen since CTF
fit resolution in ‘dataset2’ was the best among all three datasets. 913,455 particles from
Warp (Tegunov and Cramer 2019) were imported into cryoSPARC (Punjani et al. 2017).
We then performed iterative heterogeneous refinement with one class from the KIFBP

lacking the C-terminal helices and two low-resolution classes from failed ab-initio
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reconstruction jobs. 301,491 particles corresponding to KIFBP were enriched after
extensive heterogeneous refinement and 2D classification. These particles were then
subjected to homogeneous refinement and local refinement, resulting in a 3.8A resolution
map. However, the quality of the map was not satisfactory. To improve the map quality,
the particles were exported into RELION-3.1 (Scheres 2012) and underwent one round
of 3D auto-refinement to obtain a reconstruction at 4.2A. Subsequently, two rounds of
CTF refinement were performed to correct for beam tilt (Zivanov et al. 2018). 3D auto-
refinement with refined beam-tilt yielded an estimated resolution of 4.1A. We then
exported micrograph motion trajectories from Warp and performed Bayesian polishing
(Zivanov, Nakane, and Scheres 2019) to optimize per-particle motion tracks. 3D auto-
refinement from the polished particles resulted in a 3.8A map. Following this step, one
round of 3D classification with 6 classes was performed to further remove heterogeneity.
5 classes corresponding to KIFBP lacking the C-terminus were selected and underwent
another round of refinement, yielding a 3.8A resolution map. The particles were then re-
extracted and re-centered. The following 3D auto-refinement yielded a 4A map. Bayesian
polishing was performed on this particle stack, resulting in an improved map quality. 3D
classification without alignment using T=12 resulted in one high-resolution class. 3D auto-
refinement using the 128,190 particles from this high-resolution class gave a 3.8A map
with improved map quality.

For KIFBP:KIF15, all the data processing steps were performed in cryoSPARC
(Punjani et al. 2017), as presented in Fig. S8. To generate an initial map for the
KIFBP:KIF15 complex, 1,007 movies from datasetl were imported into cryoSAPRC
(Punjani et al. 2017). Patch motion correction and patch CTF estimation were used to
correct beam-induced motion and estimate CTF parameters. 235,721 particles were
automatically picked using the Topaz general model (Bepler et al. 2019). These particles
were then subjected to iterative 2D classification to remove incorrect particle picks. The
resulting 32,262 particles were used for ab-initio reconstruction with one class and also
retraining Topaz. The model from the ab-initio reconstruction was refined to ~7A and used
as a template for the heterogeneous refinement in the following steps.

Movies from datasetl, 2, 3, and 4 were imported into cryoSPARC (Punjani et al.
2017) and processed separately at the beginning steps. Movies were aligned using patch
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motion correction with dose weighting. CTF parameters were estimated with patch CTF
estimation. Micrographs with CTF fit resolution below 5A were selected and subjected to
particle picking using a restrained Topaz model. The picked particles underwent one
round 2D classification to remove incorrect particle picks. We then performed iterative
heterogeneous refinement with one class from the initial template and two low-resolution
classes from the early-terminated ab-initio reconstruction jobs to enrich particles
corresponding to KIFBP:KIF15 complex. The resulting particles were further cleaned by
2D classification and ab-initio reconstruction with multi-classes. Particles from the
individual dataset were then re-extracted, re-centered and combined, resulting in 189,984
particles. These particles were subsequently classified into three classes using ab-initio
reconstruction. Two classes showing KIFBP and KIF15 density were merged and further
classified into two classes with ab-initio reconstruction. One class with the better KIF15
motor domain density was selected and subjected to homogenous refinement, resulting
in a 4.8A resolution map. Then local refinement with a user-defined mask was performed
to improve the map quality.

For KIFBP:KIF18A, the data processing diagram is presented in Fig. S11. A total
4,669 micrographs were collected through three datasets. For each dataset, motion
correction, CTF estimation and particle picking was performed in Warp (Tegunov and
Cramer 2019), resulting in 71,529 particles (datasetl), 94,716 particles (dataset2) and
638,186 particles (dataset3). These particles were imported into cryoSPARC(51) and
underwent interactive 2D classification to remove incorrect particle picks. The remaining
156,159 particles were used for ab-initio reconstruction into four classes in cryoSPARC.
54,801 particles from the class with clear KIF18A density were selected for homogeneous
refinement to obtain a 5 A resolution structure of the KIFBP:KIF18A complex. The quality
of the map was further improved by local refinement in cryoSPARC with a user-defined

mask.
4.5.5 Model building

To construct an atomic model of KIFBP, first, we began by de novo building of the
3.8A KIFBP reconstruction using Coot (Emsley et al. 2012) on the RELION (Scheres
2012) post-processed reconstruction. To guide model building, we used density
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modification with DeepEMhancer (Sanchez-Garcia et al. 2020) that was run on the
COSMIC? science gateway (Cianfrocco et al. 2017) to help interpret the cryo-EM density.
From this process, we built amino acids 5-403 of KIFBP and the RELION post-processed
map was used for model refinement and validation using Phenix (Liebschner et al. 2019).
After building this high-resolution part of our reconstruction, we built poly-alanine models
for the C-terminal helices KIFBP-HP6b, -HP7, -HP8, and HP9 using Coot (Sanchez-
Garcia et al. 2020). The manual build model was then subjected to real-space refinement
in Phenix (Liebschner et al. 2019).

Due to the moderate resolution (4.8A) of KIF15:KIFBP, we built the model of
KIF15:KIFBP using a combination of Rosetta-CM (Song et al. 2013), Rosetta-Relax, and
manual building in Coot (Emsley et al. 2010). For the KIFBP model, we manually docked
the KIFBP model into the density using Chimera (Pettersen et al. 2004) after which we fit
the model into the density Rosetta-Relax. To fit KIF15 into the density, we manually
docked KIF15 (PDB: 4BN2) (Klejnot et al. 2014 ) into the cryo-EM density, removing
KIF15-L11,-a4, and -L12 from the model. With this docking, we then ran Rosetta-CM
(Song et al. 2013), using atomic models 1V8K (Chain A) (Ogawa et al. 2004 ), 20WM
(Chain B) (Marx et al. 2008), 3U06 (Chain A) (Liu, Pemble, and Endow 2012), 4BN2
(Chain C) (Kleijnot et al. 2014), 5GSZ (Chain A) (Wang et al. 2016), 5MIO (Chain C)
(Wang et al. 2017), 5MLV (Chain D) (von Loeffelholz et al. 2019a), 5MM4 (Chain K) (von
Loeffelholz et al. 2019b), 5MM7 (Chain K) ( von Loeffelholz et al. 2019b ), 6B0I (Chain K)
(Benoit, Asenjo, and Sosa 2018 ) as the library of fragments for rebuilding. After running
Rosetta-CM to calculate 5000 models, we used the lowest scoring model for the final step
of Rosetta-Relax. To build KIF15-L11,-a4, and -L12, we built a polyalanine model
manually using Coot (Emsley et al. 2010).

For the KIF18A:KIFBP model, we used Rosetta-Relax to fit the KIFBP model into
the density. The KIF18A motor, we manually docked the crystal structure of KIF18A (PDB:
3LRE) (Peters et al. 2010) into the density with the exception of KIF18A-L11,-a4, and -
L12. To build KIF18A-L11,-a4, and -L12, we built a polyalanine model manually using
Coot (Emsley et al. 2010).
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The efficiency (cryoEF) (Navdenova and Russo 2017) for each reconstruction was
calculated on the COSMIC? science gateway (Cianfrocco et al. 2017). Fig.s were
prepared using Chimera (Pettersen et al. 2004) and ChimeraX (Pettersen et al. 2021).

4.5.6 Crosslinking mass spectrometry

Hise-KIF15-N375 and KIFBP were purified as described above. An equimolar
solution of both proteins was prepared in a crosslinking buffer (40 mM HEPES pH 7.4)
where the total protein concentration was 10 uM and the amount of each protein was at
least 20 ug. A 50 mM solution of the 11 A lysine-targeting crosslinker BS3 was prepared
in water and added to the reaction in a 100-molar excess. The reaction proceeded for 30
min while rotating at 4° C, after which it was quenched with Tris-HCI pH 7.5 at a final
concentration of 50 mM. As an un-crosslinked control, a separate reaction was prepared
and quenched the same way but no crosslinker was added.

The crosslinking reactions were resuspended in 50 pyL of 0.1M ammonium
bicarbonate buffer (pH~8). Cysteines were reduced by adding 50 pL of 10 mM DTT and
incubating at 45°C for 30 min. Samples were cooled to room temperature and alkylation
of cysteines was achieved by incubating with 65 mM 2-Chloroacetamide, under darkness,
for 30 min at room temperature. Overnight digestion with 1:50 enzyme:substrate modified
trypsin was carried out at 37°C with constant shaking in a Thermomixer. Digestion was
stopped by acidification and peptides were desalted using SepPak C18 cartridges using
the manufacturer's protocol (Waters). Samples were completely dried via Vacufuge.
Resulting peptides were dissolved in 9 uL of 0.1% formic acid/2% acetonitrile solution,
and 2 uL of the peptide solution were resolved on a nano-capillary reverse phase column
(Acclaim PepMap C18, 2 micron, 50 cm, ThermoScientific) using a 0.1% formic acid/2%
acetonitrile (Buffer A) and 0.1% formic acid/95% acetonitrile (Buffer B) gradient at 300
nl/min over a period of 180 min (2-25% buffer B in 110 min, 25-40% in 20 min, 40-90% in
5 min followed by holding at 90% buffer B for 10 min and equilibration with Buffer A for
30 min). The eluent was directly introduced into a Q exactive HF mass spectrometer
(Thermo Scientific, San Jose CA) using an EasySpray source. MS1 scans were acquired
at 60K resolution [automatic gain control (AGC) target, 3x10°; max injection time (IT), 50
ms]. Data-dependent collision-induced dissociation MS/MS spectra were acquired using
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the Top speed method (3 seconds) following each MS1 scan (NCE ~28%; 15K resolution;
AGC target 1x10°% max IT 45 ms).

pLink v2.3.9 was used to perform database searching against a FASTA protein
sequence file containing full-length KIF15, KIFBP, and 292 common contaminant
proteins. Raw data files were searched with BS3 as the crosslinker, Trypsin_P allowing
up to 3 missed cleavages, peptide mass between 500 and 6000, peptide length between
5 and 60, precursor and fragment tolerances set to 20 ppm, fixed carbamidomethyl
cysteine, variable methionine oxidation, 10 ppm filter tolerance, and separate 5% peptide
spectrum match (PSM) false discovery rate (FDR). pLabel v2.4.1 was used to visualize
crosslinked MS/MS spectra. Of the resulting FDR-filtered list of crosslinked peptides, we
filtered out all intra-KIFBP and intra-KIF15 crosslinks, as well as crosslinks with

contaminant proteins and crosslinks with an e-value >0.05.
4.5.7 In vitro pull-down assays

100 pL of Ni-NTA Agarose resin (Qiagen) per condition was equilibrated with
binding buffer (10 mM HEPES pH 7.4, 50 mM KCI, 10 mM imidazole) and incubated with
250 pg of either Hise-KIF15-N375 or Hiss-KIF18A-N363 for 30 min at 4°C. The kinesin-
bound resin was then washed 3 times in batch with 10 CV of binding buffer, split into 20
ML aliquots, and incubated with 20 ug of either KIFBP-WT, KIFBP-L1™, KIFBP-L14™,
KIFBP-HP9b™, or GST in a total volume of 200 uL for 30 min at 4°C. To control for non-
specific binding to the resin, 20 uL of resin was incubated with either 20 ug of WT-KIFBP
or GST with no previous kinesin-incubation step. After incubation with GST or KIFBP
proteins, the resin was pelleted and the supernatant was removed and saved for analysis.
The resin was then washed 5 times with 10 CV of wash buffer (binding buffer with 0.05%
Tween-20). After the final wash, each resin sample was resuspended in 80 yL of binding
buffer, and samples were taken for analysis. 5% of each supernatant and pellet sample
was boiled in 5X SDS-sample dye and loaded onto a 10% SDS-PAGE gel. Gels were
stained with Coomassie-blue and quantifications of band intensities were done with
ImageJ. Images for publication were enhanced with ImageJ, while quantification was

done from raw images.

4.5.8 Cell culture and transfections
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HeLa Kyoto cells were cultured at 37°C with 5% CO2 in MEM-a medium (Gibco)
containing 10% Fetal Bovine Serum (FBS) (Gibco). For plasmid transfections in a 24-well
plate format, ~75,000 cells in 500 yl MEM-a medium were seeded onto acid-washed
glass coverslips and subsequently transfected with 375 ng mCherry alone or mCherry-
KIFBP plasmid DNA (containing wild type KIFBP sequence or indicated KIFBP mutant).
Cells were treated with mCherry and indicated mCherry-KIFBP plasmids that were
preincubated for 10 minutes in 50 uyl Opti-MEM (Gibco) and 1 pl Lipofectamine LTX
reagent (Invitrogen). Plasmid transfections were incubated for 24 hours before fixation for

immunofluorescence.
4.5.9 Cell fixation and immunofluorescence

For metaphase observations of spindle length and chromosome alignment, cells
expressing mCherry and mCherry-KIFBP (wild type or indicated mutants) were treated
with 20 yM MG132 (Selleck Chemicals) for 2 hours before fixation. Cells were fixed on
coverslips in -20°C methanol (Thermo Fisher Scientific) with 1% paraformaldehyde
(Electron Microscopy Sciences) for 10 minutes on ice. Coverslips were then washed three
times for 5 minutes each in Tris-Buffered Saline (TBS; 150 mM NaCl, 50 mM Tris base,
pH 7.4). Coverslips were blocked for 1 hour at room temperature in 20% goat serum in
antibody dilution buffer (Abdil: TBS pH 7.4, 1% Bovine Serum Albumin (BSA), 0.1% Triton
X-100, and 0.1% sodium azide). Coverslips were then washed two times in TBS for 5
minutes each prior to the addition of primary antibodies. Primary antibodies were diluted
in Abdil. For KIF18A localization analyses the following primary antibodies were used at
the indicated dilutions: rat anti-a-tubulin 1:500 (MAB1864; Sigma Aldrich), rabbit anti-
KIF18A 1:100 (A301-080A; Bethyl), and mouse anti-Hecl 1:500 (GTX70268; GeneTex).
All mCherry images for KIF18A localization analyses are direct mCherry fluorescence.
For KIF18A localization analyses the following secondary antibodies were used at 1:500
dilution: Goat anti-Rabbit IgG conjugated to Alexa Fluor 488 (A11034; Invitrogen), Goat
anti-Mouse 1gG conjugated to Alexa Fluor 405 (A31553; Invitrogen), and Goat anti-Rat
IgG conjugated to Alexa Fluor 647 (A21247, Invitrogen). For spindle length and
chromosome alignment analyses, the following primary antibodies were used at the
indicated dilutions: mouse anti-y-tubulin 1:500 (T5326; Sigma Aldrich), rabbit anti-

118



mCherry 1:500 (ab167453; Abcam), human anti-centromere antibody (ACA) 1:250 (15-
235; Antibodies Inc.). All primary antibodies were incubated for 1 hour at room
temperature with the exception of the human ACA antibody, which was incubated at 4°C
overnight. For spindle length and chromosome alignment analyses the following
secondary antibodies were used at 1:500 dilution: Goat anti-Human IgG conjugated to
Alexa Fluor 488 (A11013; Invitrogen), Goat anti-Mouse 1gG conjugated to Alexa Fluor
647 (A21236; Invitrogen), and Goat anti-Rabbit 1IgG conjugated to Alexa Fluor 594
(A11037; Invitrogen). Coverslips were washed two times in TBS for 5 minutes each
between primary and secondary antibody incubations. Coverslips were washed three
times in TBS for 5 minutes each prior to mounting coverslips with Prolong Gold anti-fade
mounting medium with DAPI (spindle length and chromosome alignment analyses)
(P36935, Invitrogen) or Prolong Gold anti-fade mounting medium without DAPI (KIF18A
localization analyses) (P36934, Invitrogen). Coverslips were imaged on a Ti-E inverted
microscope (Nikon Instruments) using a Plan Apo A 60x 1.42 NA objective, environmental
chamber at 37°C, a Clara cooled charge-coupled device (CCD) camera (Andor), and

Nikon Elements Software (Nikon Instruments).
4.5.10 Chromosome Alignment Analysis

Cells expressing mCherry or indicated mCherry-KIFBP constructs were fixed and
stained for mCherry, y-tubulin, and ACA as described above. As described
previously(Malaby et al. 2019; Wang et al. 2015), single focal plane images with both
spindle poles in focus were acquired. A boxed region of interest with a fixed height and
width defined by the length of the spindle was used to measure the distribution of ACA-
labeled kinetochore fluorescence using the Plot Profile command in Fiji. The ACA signal
intensity was normalized internally to its highest value and plotted as a function of
distance along the pole-to-pole axis. These plots were then fitted to a Gaussian curve
and the FWHM for the Gaussian fit as well as the spindle length are reported for each cell
analyzed. Mean and standard deviations are reported from a minimum of three
independent experiments for each construct. The following cell numbers were analyzed

for the indicated mCherry and mCherry-KIFBP constructs: (1) mCherry (control) = 132
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cells, (2) mCherry-KIFBP-WT = 165 cells, (3) mCherry-KIFBP-L1™ = 102 cells, (4)
mCherry-KIFBP-L14™ = 99 cells, (5) mCherry-KIFBP-HP9b™ = 89 cells.

4.5.11 KIF18A Line Scan Analysis

Cells expressing mCherry or indicated mCherry-KIFBP constructs were fixed and
stained for endogenous KIF18A, a-tubulin, and Hecl as described above. Cells were
imaged with 0.2 ym z-stacks throughout the entire cell. Within these z-sections, 2 ym line
scans were manually drawn in Fiji for individual kinetochore microtubules (1-3 line scans
per cell) and the profile intensities along those lines were measured and recorded for the
KIF18A, a-tubulin, and Hecl channels. Each of these profile intensities for KIF18A, a-
tubulin, and Hecl were normalized internally to its highest value. These normalized line
scans were then aligned by peak Hecl intensity and averaged for each pixel distance.
Mean and standard deviations are reported from a minimum of three independent
experiments for each construct. The following cell numbers and line scans were analyzed
for the indicated mCherry and mCherry-KIFBP constructs: (1) mCherry (control) = 40 cells
(64 lines), (2) mCherry-KIFBP-WT = 34 cells (64 lines), (3) mCherry-KIFBP-L1™ = 34 cells
(64 lines), (4) mCherry-KIFBP-L14™ = 32 cells (68 lines), (5) mCherry-KIFBP-HP9b™ = 33

cells (63 lines).
4.5.12 Molecular Dynamics Simulations and Analysis

The structures of KIF5C, KIF15, KIF18A, and KIF11 bound to ADP and Mg?* were
taken from PDB structures 1BG2 (Kull et al. 1996), 4BN2 (Klejnot et al. 2014), 3LRE
(Peters et al. 2010), and 1116 (Turner et al. 2001), respectively. The missing residues of
KIF5C were filled in as previously described (Budaitis et al. 2019). For all other proteins,
I-TASSER was used to fill in the gaps of the remaining structures using the PDBs as
primary template (Roy, Kucukural, and Zhang 2010; Yang et al. 2015a; Yang et al.
2015b). AmberTools was then used to prepare all systems for simulation (Case et al.
2021). Each system was solvated with a box of TIP3P water molecules with 10-A padding
around the protein. Na* and CI- were added to both neutralize the systems and set the
ionic concentration to 50 mM. NAMD was used to carry out the MD simulations with the
amber ff19SB force field (Phillips et al. 2005; Tian et al. 2020). Force field parameters for

the ADP nucleotide were obtained from the AMBER parameter database (Meagher,
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Redman, and Carlson 2003). Following minimization, heating and equilibration, the
systems were simulated at 300 K and 1 atm of pressure in an NpT ensemble. To allow
for 2-fs time steps, bonded hydrogens were fixed. For long-range electrostatics, Particle
Mesh Ewald was employed with a 10-A cutoff and 8.5-A switch distance for van der Waals
interactions (Essmann et al. 1995). MD simulations were completed in 100 ns replicates
starting from random velocities for a total simulation time of 500 ns for KIF5C, KIF11 and
KIF18A, and 600 ns for KIF15.

All analysis was carried out using the Bio3d package (v 2.4.1) in R (Gran,
Skjaerven, and Yao 2021). We first aligned our 4 kinesins of interest and then restricted
analysis to the amino acids that appeared in all the motors. In order to focus on large-
scale rearrangements in the motor head and remove the noise from fluctuating loops, we
next restricted analysis to amino acids in stable secondary structures, leaving us with 154
amino acid positions in each protein. We performed Principal Component Analysis (PCA)
using KIF15 as the reference structure. The remaining three kinesins simulations were
then projected onto this KIF15 PCA space for direct comparison with each other and the

cryo-EM structure.
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Chapter V:
Discussion and Future Directions

5.1 Discussion

Kinesins are molecular motor proteins that perform vitals roles in complex cellular
processes. The mitotic kinesins are a group of motors that are essential for organizing
the mitotic spindle and ensuring accurate chromosome segregation. Due to the centrality
of these motors’ functions, many overlapping pathways have evolved such that if one
motor is impaired, another motor can fulfill a similar role. For example, while it is known
that Eg5 and dynein provide the main outward and inward forces necessary for building
a bipolar spindle, KIF15 and HSET have been shown to have functionally redundant roles
and can provide the necessary forces for spindle assembly in the case of dual Eg5 and
dynein inhibition (T J Mitchison et al. 2005; Tanenbaum et al. 2009; Vanneste et al. 2009;
Mountain et al. 1999). Over the last several decades, our collective knowledge of the
complex forces underlying mitotic progression has increased drastically, yet there is still
much we don’t yet understand about how these forces coalesce to ensure mitotic fidelity.
The multiple mechanisms by which mitotic motors are regulated add yet another layer of
complexity to this question.

In this dissertation, | present work identifying several chemical inhibitors of the
Kinesin-12 KIF15, and elucidate a novel mechanism of regulation of KIF15, among a
subset of other motors. We built upon an existing high-throughput screening pipeline to
identify KIF15 inhibitors and evaluate hits using a combination of in vitro and cell-based
assays. We then applied these methods to screen a library of 24,000 small molecules
and discovered two potent, selective KIF15 inhibitors that inhibit the motor via distinct
mechanisms. Lastly, we comprehensively characterized the structure and mechanism of
action of a newly described form of kinesin regulation, kinesin-binding protein (KIFBP).
We find that KIFBP binds to kinesin motors domains in cells and prevents microtubule-
binding through a combination of steric inhibition and allosterically-induced

conformational changes. Our work with the two mitotic motors KIF15 and KIF18A
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suggests that KIFBP uses a universal method of interaction with all of its binding partners,
and molecular dynamics simulations suggest a conformational basis for how KIFBP
discriminates between motors. Collectively, this work provides insight into how the
complex forces involved in mitotic progression are regulated in time and space, and
provides a new tool with which to continue examining the relative contribution of KIF15 to

spindle organization.
5.1.1 KIFBP: a novel regulator of kinesin activity

KIFBP is a known regulator of eight kinesins in cells and has therapeutic
implications for a severe neurological disorder (Kevenaar et al. 2016; Brooks et al. 2005).
In this work, | describe the mechanism by which KIFBP binds to and remodels kinesin
motor domains to prevent their microtubule binding activity. Through a combination of
cryo-electron microscopy and crosslinking mass spectrometry, we show that KIFBP binds
the microtubule binding domains of KIF15 and KIF18A and displaces the a-helix-4 15 A
down into KIFBP’s concave face. This substantial displacement is especially interesting,
and brings up several additional questions.

Mutagenesis of several regions of KIFBP have revealed their respective
importance for complex formation; loops 1 and 14 of KIFBP appear necessary for
complex formation both in vitro and in cells. However, the role of a4 in complex formation
has yet to be tested. The KIFBP:kinesin interaction is very stable; perhaps extraction and
stabilization of a4 in the KIFBP binding pocket is necessary for maintaining complex
stability. Mutagenesis of the residues involved in the a4 interaction will illuminate the role
of this displacement in both complex formation and maintenance.

Molecular dynamics simulations indicate that two KIFBP-binding kinesins are able
to reach a conformational state that two non-binders (Eg5 and KIF5C) are not able to
reach. While a4 itself was excluded from these simulations, one of the unstructured loops
adjacent to a4 was found to adopt different conformations when comparing the binding
motors to the non-binders, and so differences in the ability of a4 to extend and bind KIFBP
may help differentiate which kinesins are able to bind. Future experiments investigating

these conformational differences between binders and non-binders will further reveal the
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role of a4 in the KIFBP:kinesin interaction, and may uncover additional regions of the
kinesin motor domain that enable discrimination in binding.

Lastly, we still lack an understanding of how KIFBP is released from kinesins and
recycled in cells. As the KIFBP:kinesin complex is stable in solution and KIFBP is not an
ATPase, it is likely that some form of post-translational modification or other mode of
additional regulation is necessary for inducing complex dissolution. Interestingly,
phosphorylation was shown to be implicated in the ability of KIFBP to pull down kinesins
from cells (Kevenaar et al. 2016). Future experiments investigating putative
phosphorylation sites on KIFBP that may govern unbinding will help complete our
understanding of how KIFBP regulates kinesins in cells.

5.1.2 KIF15 inhibitors: a valuable tools and potential therapies

Kinesin inhibitors have been instrumental for cell biologists to uncover the
molecular underpinnings of mitotic progression, and some are currently being evaluated
as potential therapeutics. For example, numerous Kinesin-5 inhibitors (K5Is) have
enabled the discovery of the critical role of Eg5 in bipolar spindle assembly, and many
have been tested in preclinical studies and clinical trials against a range of cancers. In
Chapter Ill, | describe two novel KIF15 inhibitors that were identified from a high-
throughput screen of a large library of small molecules, and detail the methods used to
screen for an evaluate the compounds. These methods mostly rely on cell-free assays
which make them simple to scale up to a high-throughput screen, and they can be easily
adapted to identify inhibitors of other molecular motor proteins.

While both inhibitors described in our studies were shown to be effective and
selective for KIF15, they each have their advantages and disadvantages. Munesib-1 is a
highly potent inhibitor of KIF15 activity in vitro, as shown by its sub-micromolar ICso in
microtubule gliding assays. However, it is less effective in cells, likely due its low solubility.
A chemical derivative of Munesib-1 with increased solubility, Munesib-2, proved much
more effective in cells without losing much potency in vitro. On the other hand, Fiftin is
highly effective in cells, fully abrogating bipolar spindle assembly at low micromolar
concentrations in K5I-resistant cells. Intriguingly, Fiftin is not nearly as potent as Munesib-

1 in vitro, with an ICso nearly 10-fold higher in gliding assays, and appears to be less
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reversible than Munesib-1. Understanding these differences in potency will be useful for
determining which compound to use for future studies; for instance, Munesib-1/2 might
be better for cell-free biochemical assays, whereas Fiftin will be advantageous for studies
in cells.

The solubility issues with Munesib-1 may explain part of the disparate in vitro and
cell-based activity of the two scaffolds. Indeed, Munesib-2 still precipitates slightly in
solution. It is also possible that differences in drug uptake or efflux by cells exist between
the two compounds. Pharmacokinetics experiments will be necessary to evaluate this
possibility. Additionally, a structural understanding of where on the KIF15 motor domain
each compound binds will improve our understanding of their mechanism of action and
facilitate efficient development of the next generation of KIF15 inhibitors.

Finally, these compounds will enable us to test the hypothesis that inhibition of
both Eg5 and KIF15 in combination will be more clinically effective than treatment with
K5Is alone. Several studies have shown that KIF15 plays a central role in the ability of
cells to acquire resistance to K5Is (Tanenbaum et al. 2009; Sturgill and Ohi 2013;
Raaijmakers et al. 2012; Mardin et al. 2013; Sturgill et al. 2016), and that deletion of KIF15
abrogates K5I resistance completely. In support of this hypothesis, my work showed that
combination treatment of STLC and Fiftin reduce the occurrence of resistant colonies,
compared to STLC treatment alone. Certainly, it will be interesting to further test this
hypothesis in other tumor cell lines or xenograft models to evaluate the clinical efficacy of

this combination treatment.
5.1.3 The future of antimitotic compounds in the clinic

As we continue optimizing mitotic kinesin inhibitors, the question still remains as
to why they have not been as clinically successful as the classical microtubule-targeting
agents (MTAs) such as taxanes and Vinca alkaloids. K5Is have been particularly
disappointing in clinical trials compared to their success in preclinical models, and
potential mechanisms of K5I resistance arising from activation of redundant pathways are
discussed at length in Chapter 1.3.6. However, we must also consider whether targeting
the proliferation of cancer cells is an effective strategy for inducing tumor regression;

recent research suggests that this may not be the case.
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High levels of myelosuppression experienced by patients in clinical trials suggest
that antimitotics are indeed hitting their mitotic targets with good pharmacokinetic profiles.
The problem arises from the relevancy of targeting mitosis in general. Recent studies
have suggested that the proliferation rate of preclinical tumor models, such as
immortalized cells lines and xenograft models, is actually much higher than the average
proliferation rates of solid tumors in patients. For example, the doubling time of most
human cell lines is somewhere between 1-3 days, however the average doubling time of
a panel of tumor types was found to be almost 150 days (Komlodi-Pasztor et al. 2011).
This indicates that the cells of most solid tumors are dividing much less frequently than
typical cancer model systems, and that at any given time point only a small percentage
of tumor cells are dividing (Timothy J. Mitchison 2012). With such a small therapeutic
window in patients, it is clear how antimitotics may not be as effective as we though under
the tolerated dose thresholds.

The question then remains as to why MTAs are so effective in patients. Several
models have been proposed recently for how MTAs may be causing cell death in patient
tumors through mechanisms other than inducing cell cycle arrest. One possibility is that
MTAs also affect interphase cells by disrupting intracellular transport and signaling
pathways that rely on microtubules (Komlodi-Pasztor et al. 2011). As mitosis-specific
drugs would not have drastic effects on interphase cells, this could explain part of the
difference in effectiveness between MTAs and other antimitotics. Another model suggests
that MTAs might induce tumor regression mainly through the formation of micronuclei,
which then activate the pro-inflammatory cGAS-STING pathway (MacKenzie et al. 2017),
which has been shown separately to have strong anti-tumor effects. Paclitaxel treatment
is known to cause micronuclei formation (Jordan et al. 1996), whereas K5lIs typically do
not. Indeed, a better understanding of the exact mechanisms by which MTAs induce
tumor regression in patients is necessary to fully explain the discrepancy in effects
between MTAs and other antimitotics.

So what is the future of antimitotic therapies? While arresting mitosis is perhaps
not the general cure for cancer, there may still be room for clinical use of antimitotics. One
consideration is tumor type. The K5I Arry-520 has shown potential in clinical trials of
patients with multiple myeloma, a very rapidly dividing cancer (Shah et al. 2017). The
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longer half-life of Arry-520 combined with the increased mitotic index of multiple myeloma
may represent a promising way to use antimitotics therapeutically; continuing to increase
the half-life of K5Is and using them against tumor types with high rates of proliferation
may be two ways to increase their therapeutic potential. Increasing our understanding of
how MTAs kill cancer cells may also reveal novel aspects of mitosis to target
therapeutically. If activation of inflammatory signaling via micronuclei is indeed an
effective way to kill tumor cells, then identifying other drug targets whose inhibition causes
micronucleation is another potential therapeutic strategy. Lastly, improved targeting of
antimitotic drugs to the desired tumor sites has proven an effective strategy for increasing
their efficacy. Drugs can be conjugated to antibodies or aptamers that deliver them to
cancer cells expressing specific cell-surface receptors. Brentuximab vedotin, a CD30-
targeting MMAE (an antimitotic) conjugate, has been approved for treatment of Hodgkin’s
lymphoma and systemic anaplastic large cell ymphoma (ALCL) (Younes, Yasothan, and
Kirkpatrick 2012), and numerous other conjugates using similar strategies are being
tested for efficacy against a range of cancers (Tse et al. 2006; Kratschmer and Levy
2018).

5.2 Future Directions
5.2.1 The role of KIFBP in Goldberg-Shprintzen syndrome

While we made significant progress in elucidating the mechanism by which KIFBP
inhibits kinesin activity in cells, how loss-of-function mutations in KIFBP cause GOSHS
remains unknown. As discussed in Chapter I, GOSHS is the result of autosomal recessive
loss-of-function mutations to KIFBP. KIFBP has been shown to be important for several
features of neurodevelopment, including axonal extension and dendritic outgrowth,
organization of axonal microtubules, and migration of neural progenitor cells (Lyons et al.
2008; Chang et al. 2019). Other neurological diseases, e.g., Fragile X syndrome, are
associated with similar neurite abnormalities (Rudelli et al. 1985), and it is thus clear how
loss of KIFBP function can be linked to GOSHS symptoms overall.

Since KIFBP regulates a subset of kinesin motors, we hypothesize that GOSHS
phenotypes arise due to dysregulation of KIFBP-binding kinesins in the absence of KIFBP

activity. Supporting this hypothesis, several KIFBP-binding kinesins have roles in
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define the neuronal kinesin(s) whose activity is
mis-regulated in the absence of KIFBP. Published work provides a list of candidates, but
my unpublished work suggests that this list is incomplete. First, KIFBP has been shown
to bind Kif18A but not Kif18B (Kevenaar et al. 2016); however, | have shown that KIFBP
binds both kinesins with similar affinity (Fig. 5.1). Second, several studies have identified
KIFBP interactors that cannot be reproduced in later papers, such as the MT dynamics
regulator SCG10 (Alves et al. 2010; Kevenaar et al. 2016). Finally, previous IP-mass
spectrometry experiments in our lab have failed to detect more than minimal levels of
KIFBP bound to Kifl5, despite our extensive work showing a robust in vitro interaction
between them (Brittany Salazar, unpublished data). Thus, we believe that the KIFBP
interactome may include binding partners with affinities too weak to be identified via IP-
mass spectrometry. To improve identification of KIFBP binding partners, crosslinking
mass spectrometry could be used to increase the chances of identifying less stable
interactions during downstream analysis.

A second important point is that all previously published studies targeted at
identifying KIFBP-binding partners have been done in non-neuronal cells and it is thus
not clear whether disease-relevant KIFBP-binding proteins were identified (Wozniak et al.
2005; Alves et al. 2010; Kevenaar et al. 2016). To identify KIFBP-binders that may
underlie GOSHS, it would be important to perform any crosslinking experiments in
developing neurons. Stable inducible neurons (siNeurons) would be an appropriate and
advantageous model to use for this experiment. siNeurons are derived from induced
pluripotent stem cells (iPSCs) that conditionally express neurogenin 2, a transcription
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factor that induces neuronal differentiation. When treated with doxycycline, these iPSCs
differentiate into post-mitotic excitatory neurons (Zhang et al. 2013). siNeurons are easier
to culture and differentiate than primary mouse neurons, and are more physiologically
relevant to human disease than immortalized neuronal cell lines. Defining the KIFBP
interactome in siNeurons and validating the effect of overactivity of identified KIFBP
binders will significantly increase our understanding of the mechanisms underlying a

serious, poorly characterized neurological disorder.
5.2.2 Regulation of Kif15 via autoinhibition

Although the precise mechanism(s) is not yet known, Kifl5 is regulated in cis by
autoinhibition via conformational folding. Hydrodynamic analysis of Kifl5 shows that it
adopts a small, compact conformation at low salt concentrations and an open, more
extended conformation at high salt. Negative stain experiments have also shown what
appears to be a flexible hinge in the stalk that might enable folding (Sturgill et al. 2014).
These findings suggest that Kif15 can switch between open and closed conformations,
and that the closed, autoinhibited state is likely mediated by intramolecular electrostatic
interactions.

In vitro experiments show that self-repression of Kif15 is mediated by interactions
between Coil-2 and either the motor domain and/or Coil-1. Full-length Kif15 is activated
by the addition of Coil-2-targeting antibodies, as shown by an increase in microtubule
gliding velocity with antibody addition. Conversely, the motility of Kif15-N700 (a Kif15
mutant truncated after Coil-1) is reduced with the addition of purified Coil-2 in trans.
Furthermore, Kif15-N700 binds microtubules in interphase cells in the presence of
AMPPNP much more robustly than full-length protein (Sturgill et al. 2014). Mutagenesis
studies have narrowed down the region of Coil-2 that mediates the autoinhibitory
interaction to the final 100 amino acids of Kif15. Truncation of this peptide (Kif15A100)
enables interphase microtubule-binding to a similar extent as Kif15-N700, and the
addition of this peptide in trans inhibits microtubule gliding in vitro in a concentration-
dependent manner (Megan Dumas, unpublished data).

To further pinpoint the regions of Kifl5 that mediate autoinhibition, | performed
crosslinking mass spectrometry (XL-MS) on recombinant full-length Kifl5. This work
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revealed residues in Coil-2 that interact
with the motor domain of Kifl5 (Fig.

MD CO|I 1 COI| 2 5.2). Several regions of Coil-2 were

found to bind to residues that comprise
the microtubule-binding domain of the
motor head. Intriguingly, these were the

Fig. 5.2 Crosslinks within KIF15 and with KIFBP. A) Same residues found to bind to KIFBP

I(gimci)f\i/i?k;goszlriwnktie(bI:gg:wndeasr)yars]?rupcrlﬁfg hgfry 'Ef?fs.snéi in a parallel XL-MS experiment,

I}geprggi.ed crossinks between the motor domain of €171 and suggesting that these two interactions
(autoinhibition and KIFBP-binding) are mutually exclusive. Another interesting but more
puzzling finding was that no residues from the final 100 amino acids were identified in the
XL-MS analysis, something we expected to find based on previous data. There are a
variety of potential reasons that these residues were not identified. For example, the
crosslinker | used, BS3, is an 11A lysine-targeted crosslinker, and so functionally relevant
regions could be missed if they are lysine-poor. Future work is necessary, perhaps
through targeted mutagenesis to the final 100 amino acids as well as the identified
crosslinked regions, to further elucidate the residues of KIF15 that are involved in
autoinhibition.

Autoinhibition of Kifl5 also appears to be controlled in a cell-cycle-dependent
manner. Full-length Kifl5 readily interacts with kinetochore microtubules during mitosis,
but remains cytosolic during interphase. However, as previously mentioned, impairing
autoinhibition by truncating Coil-2 of Kifl5 enables it to robustly bind microtubules even
in interphase cells (Sturgill et al. 2014). Taken together with the finding that KIFBP-binding
and autoinhibition are likely mutually exclusive, we hypothesize that autoinhibition
functions to restrict Kif15 from binding and crosslinking microtubules during interphase,
while KIFBP fine-tunes levels of Kif15 on spindle microtubules during mitosis. This also
raises the question of how autoinhibition of Kifl5 is relieved, and how this release is
controlled throughout the cell cycle.

Several mechanisms of autoinhibition release have been described for other
kinesins, including cargo binding and post-translational modifications (PTMs) such as
phosphorylation. We have shown that Kif15 preferentially binds bundled MTs, such as k-
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fibers, and has little capability to bind single B Unorenneted
microtubules (Sturgill et al. 2014). This
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to non-bundled interphase MTs. However, we g;ospﬁfﬁéﬁon?feacrﬁ'gtgil si";‘:‘f:‘ﬁft‘ggc an(g
have shown that Kif15 still doesn’t bind  asynchronous cels, as measured by mass spec.
interphase MTs that are bundled (Sturgill et al. 2016), suggesting that an additional
mechanism is required to relieve autoinhibition.

In support of the PTM model of autoinhibition release, four putative
phosphorylation sites have been identified on Kif15 with consensus sequences for Aurora
A kinase and CDK1-Cyclin B, two mitotic kinases involved in mitotic entry and progression
(Fig. 5.3) (Sugimoto et al. 2002; Lim and Kaldis 2013). One site is in Coil-1 of Kif15 and
the other three are in Coil-2. We believe that the hinge in Kifl5 exists between Coils 1
and 2, and thus predict that these phosphate groups may sterically hinder Kifl5 from
being in an autoinhibited state by disrupting intramolecular interactions between Coil-2
and Coil-1 and/or the motor domain. In support of this hypothesis, a phosphomimetic
Kif15 mutant of one of the Coil-2 residues (S1169A) was shown to have increased spindle
localization in mitotic cells compared to wildtype-Kif15, whereas a non-phosphorylatable
mutant showed decreased spindle binding (Van Heesbeen et al. 2017). More recently, a
mass spectrometry experiment performed by Brittany Salazar showed that the other three
sites (S568, S1141, and T1144) are almost exclusively phosphorylated in mitotic cells
(Brittany Salazar, unpublished data). This leads us to hypothesize that phosphorylation
of Kifl5 upon mitotic entry sterically inhibits interaction of the motor domain and C-
terminus, releasing it from its autoinhibited state and allowing it to bind MT bundles.

A good way to test this hypothesis would be to express phosphomimetic and non-
phosphorylatable mutant of the four identified phospho-sites on Kif15 in cells, and analyze
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their microtubule localization patterns in both interphase and mitotic cells. If
phosphorylation of one or more of these sites does indeed disrupt autoinhibition,
phosphomimetic mutants should show increased binding to interphase microtubules as
Kifl5 regulation would be decoupled from the cell cycle. Conversely, non-
phosphorylatable mutants should show decreased spindle binding in mitotic cells as Kifl5
would likely be constitutively autoinhibited. It is difficult to predict whether single point
mutations will have a measurable effect on Kifl5 localization, and it is likely that
combinations of two or more mutations would be necessary to produce a statistically
significant change.

It is also unclear whether we have a comprehensive understanding of the
phosphorylation sites that exist on Kifl5. To test this, one could try to reconstitute
activation of Kifl5 via Cdkl and/or Aurora A in vitro. If phosphorylation by either kinase
is capable of releasing Kif15 from its autoinhibited state, it should increase the ability of
full-length Kif15 to bind to and move along microtubules in vitro. Lastly, it would be
interesting to test whether KIFBP and autoinhibition are truly mutually exclusive.
Qualitative binding experiments using techniques such as size-exclusion chromatography
or in vitro pulldowns could be used to determine whether phosphorylation status, and thus
autoinhibition state, changes the ability of KIFBP to interact with Kif15.

5.2.3 Identification of novel mechanisms of K5I resistance

Since their development, K5Is have not passed clinical trials due to their inability
to cause tumor regression in patients. It was shown that Kifl15 is necessary and sufficient
for driving spindle assembly in the absence of Eg5 activity, as deletion of KIF15 via
CRISPR Cas9 technology prevents the formation of K5I-resistant clones (Raaijmakers et
al. 2012; Sturgill and Ohi 2013; Sturgill et al. 2016). This strongly suggests that human
cells adapt to K5Is by amassing genetic changes that promote alternative spindle
assembly pathways, e.g. the Kifl5 pathway. Several genetic alterations that enable K5I
resistance have been uncovered, described in detail in Chapter 1.3.6. However, given the
limited number of K5I-resistant clones analyzed in these experiments, it is likely that we
have incomplete knowledge of the mechanisms that allow cells to overcome Eg5
inhibition. To address this, it would be advantageous to characterize the potential
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mechanisms of K5I resistance more comprehensively using an unbiased screening
approach.

| conceptualized an approach to identify mutations that drive drug resistance that
lie outside of the gene encoding the drug target. This approach, which we term “extragenic
suppressor sequencing” (ExSS), is designed to identify extragenic suppressors of a
perturbing agent, i.e., genes that when mutated suppress the cytotoxic effects of a drug.
In the case of K5Is, Kifl5 is an extragenic suppressor of Eg5-inhibition; when Kifl5 is
overexpressed in K5l-treated cells, it can compensate for the loss of Eg5 activity and
restore spindle assembly. Our ExXSS approach is aimed at identifying other potential
extragenic suppressors of Eg5 inhibition through a high-throughput screening method,
and can be easily adapted to identify extragenic suppressors of other targets of chemical
inhibition.

In this method, drug-resistant clones would be generated by treating cells with a
chemical inhibitor (in our case, a K5I) of the desired drug target (Eg5); after resistant
clones arise, genetic knockout of the drug target (Eg5) would be stimulated via an
inducible CRISPR-Cas9 to kill any cells whose drug resistance is driven by mutations
within the drug target itself. The remaining cells would be analyzed via RNA-sequencing
to identify genetic alterations that decrease their sensitivity to the drug. The most common
type of resistance-conferring mutations are often in the drug target that render the drug
ineffective (Wacker et al. 2012). Thus, transcriptomics analysis would be complicated by
a high occurrence of drug target mutations that may not be as biologically interesting.
Removing the drug target post-selection would increase the chances of discovering novel
pathways that drive K5I resistance rather than identifying mutations to Eg5 that
desensitize it to K5I treatment. Additionally, the relative rate of occurrence of the identified
mutations may provide information about their potential physiological relevance;
extragenic suppressors that are present in the majority of clones may be more likely to

drive resistance mechanisms in cells than ones that arise in a small percentage.
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Appendix A

Appendix A.1: Supplemental Figures
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Fig. S3.1: Validation of the ADP-Glo assay for use in KIF15 inhibitor screen. A) Schematic showing the relative
length of three constructs of KIF15. KIF15-N420 (top) is the minimal dimer construct and was used in all ATPase
assays. KIF15-N700 (middle) contains the second microtubule-binding domain and was used in all gliding assays.
KIF15-FL is the full-length protein; this construct was not used in any experiments in this paper. B) Representative
Coomassie-stained SDS-PAGE of samples from each step of the purification process of KIF15-N420. C)
Quantification of average luminescent signal from ADP-Glo assay in the presence or absence of 20 uM ATP at three
time points after assay completion. D) Quantification of average luminescent signal from ADP-Glo assay in the
presence or absence of 20 uM ATP, either with (dark blue) or without (light blue) 20 uM GW108X. Concentration of
KIF15-N420 included in each condition is indicated below x-axis in nM. All samples were imaged 30 min after assay
completion. Each condition was repeated in triplicate, error bars show +SEM. E) Quantification of luminescent signal

from ADP-Glo assay in either the presence (blue) or absence (black) of 20 uM ATP. Average Z' was calculated to be
0.71.
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Fig. S3.2: Purification of KIF15-N700. Representative Coomassie-stained SDS-PAGE of samples from each step

of the purification process of KIF15-N700.
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Fig. S4.1. Cryo-EM structures of KIFBP. (A) Representative cryo-EM micrograph. (B) Representative 2D class

averages. Scale bar is 100A. Full KIFBP reconstruction (C), FSC curves and Euler angle distribution (D). KIFBP core
overview (E), FSC curves and Euler angle distribution (F).
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Fig. S4.4. Annotated KIFBP primary sequence using secondary structure information from the atomic
model. Residues 5-403 were built de novo into the KIFBP core reconstruction at 3.8A (black letters), whereas 404-

621 were modeled into the 4.6A reconstruction (gray letters).
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Fig. S4.5. Segmented density for 3.8A core KIFBP reconstruction and atomic model. Helical pairs from core
KIFBP reconstruction.
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Fig. S4.6. Size exclusion chromatography of KIFBP:KIF15. KIFBP and KIF15 were purified, combined, and run
over the Superose 6 column as described in methods. (A) Representative Coomassie-stained SDS-PAGE of peak
fractions from elution profile shown in (B). Fractions 14, 15, and 16 were combined and used in subsequent cryo-
EM experiments (indicated by asterisks). The molecular weight of each protein is indicated in kilodaltons.
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Fig. S4.7. Cryo-EM structure of KIFBP:KIF15. (A) Representative micrograph for KIFBP:KIF15. (B)
Representative 2D class averages. The scale bar is 100A. (C) Reconstruction overview. (D) FSC curves and Euler
angle distribution.
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Fig. S4.8. Cryo-EM processing tree for KIFBP:KIF15. Overview of processing steps for
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Fig. S4.9. Size exclusion chromatography of KIFBP:KIF18A. KIFBP and KIF18A were purified, combined, and
run over the Superose 6 column as described in methods. (A) Representative Coomassie-stained SDS-PAGE of
peak fractions from elution profile shown in (B). Fractions 15 and 16 were combined and used in subsequent cryo-
EM experiments (indicated by asterisks). The molecular weight of each protein is indicated in kilodaltons.
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Fig. S4.10. Cryo-EM structure of KIFBP:KIF18A. (A) Representative micrograph for KIFBP:KIF18A. (B)
Representative 2D class averages. Scale bar is 100A. (C) Reconstruction overview. (D) FSC curves and Euler
angle distribution.
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Fig. S4.11. Cryo-EM processing tree for KIFBP:KIF18A. Overview of analysis strategy for KIFBP:KIF18A.
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Fig. S4.12. Input of individual proteins used in the pull-down binding assay. Representative Coomassie gel of
1 pg of each protein used in the pull-down assays in Figure 6C & D.
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Fig. S4.13. Mitotic effects of mCherry-KIFBP-WT scale with expression level. (A) Plots of Spindle Length versus
Average mCherry Fluorescence for HeLa Kyoto cells overexpressing mCherry or indicated mCherry-KIFBP construct.
Each dot represents a single cell. Data presented from a minimum of three independent experiments. Dotted lines
represent the mean value for Spindle Length or Average mCherry Fluorescence. Solid line is a linear regression
showing the trend of the data. The Pearson’s correlation coefficient (r) and two-tailed p-value with 95% confidence
interval are shown for each plot. (B) Plots of Full-Width at Half Maximum (FWHM) Distance versus Average mCherry
Fluorescence for HeLa Kyoto cells overexpressing mCherry or indicated mCherry-KIFBP construct. Each dot
represents a single cell. Data presented from a minimum of three independent experiments. Dotted lines represent
the mean value for FWHM distance or Average mCherry Fluorescence. Solid line is a linear regression showing the
trend of the data. The Pearson’s correlation coefficient (r) and two-tailed p-value with 95% confidence interval are
shown for each plot.
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Fig. S4.14. Comparison of structural fluctuations for kinesin motors in solution as measured by MD. Shown
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Appendix A.2: Supplementary Tables

Table S4.1. Cryo-EM data collection, analysis, and validation statistics for KIFBP (full).

Structure: KIFBP (full)

(EMD-24745)
(PDB 7RYQ)

Data collection
Grids

Vitrification method
Microscope

Session name
Magnification
Voltage (kV)

Stage tilt (°)
Detector

Recording mode
Total electron exposure (¢ /A?%)
Number of frames
Defocus range (pum)
Pixel size (A)

Data processing

Number of micrographs
Initial particle images (no.)
Final particle images (no.)
Final particles in refinement
Symmetry

Map resolution (A)

Refinement
Initial model used (PDB code)
Cryo-efficiency (cryoEF)
Model resolution (A)
FSC threshold
Map sharpening B factor (A?)
Model composition
Non-hydrogen atoms
Protein residues
Ligands
B factors (A?)
Protein
Ligand
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Validation
MolProbity score
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

UltrAuFoil
FEI Vitrobot
Glacios
20jul13c
45000X
200

0

K2 Summit
Counting
58.5

45

0.8-2.0
0.98

5,349
1,121,348
115,464
154,176
Cl
4.6

N/A
0.7
4.6
0.143
-50

4332
527
N/A

N/A

N/A

N/A

UltrAuFoil
FEI Vitrobot
Glacios
20jul07a
45000X
200

0

K2 Summit
Counting
68.4

40
0.8-2.0
0.98

1,596
403,369
32,422

UltrAuFoil
FEI Vitrobot
Glacios
20julllb
45000x
200

0

K2 Summit
Counting
65.0

35

0.8-2.0
0.98

4,144
913,455
43,210
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Table S4.2. Cryo-EM data collection, analysis, and validation statistics for KIFBP (core).

Structure: KIFBP (core)
(EMD-24677)

(PDB 7RSQ)

Data collection
Gnids UltrAuFoil
Vitrification method FEI Vitrobot
Microscope Glacios
Session name 20julllb
Magnification 45000X
Voltage (kV) 200
Stage tilt (°) 0
Detector K2 Summit
Recording mode Counting
Total electron exposure (€ /A%) 65
Number of frames 35
Defocus range (pum) 0.8-2.0
Pixel size (A) 0.98
Data processing
Number of micrographs 4,144
Initial particle images (no.) 913,455
Final particles in refinement 128,190
Symmetry Cl
Map resolution (A) 3.8
Refinement
Cryo-efficiency (cryoEF) 0.5
FSC model to map (0.143, 0.5) 3.5,4.5
Initial model used (PDB code) N/A
Model resolution (A) 3.8

FSC threshold 0.143
Map sharpening B factor (A%) -50
Model composition

Non-hydrogen atoms 2015

Protein residues 246

Ligands 0
B factors (A?)

Protein 57.76

Ligand N/A
R.m.s. deviations

Bond lengths (A) 0.008

Bond angles (°) 0.942
Validation

MolProbity score 1.65

Clashscore 3.25

Poor rotamers (%) 2.88
Ramachandran plot

Favored (%) 96.90

Allowed (%) 3.10

Disallowed (%) 0
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Table S4.3. Cryo-EM data collection, analysis, and validation statistics for KIFBP:KIF15.

Structure: KIFBP:KIF15
(EMD-24744)
(PDB 7RYP)

Data collection
Grids

Vitrification method
Microscope

Session name
Magnification
Voltage (kV)

Stage tilt (°)
Detector

Recording mode
Total electron exposure (e/A?)
Number of frames
Defocus range (um)
Pixel size (A)

Data processing

Number of micrographs
Initial particle images (no.)
Final particle images (no.)
Final particles in refinement
Symmetry

Map resolution (A)

Refinement
Initial model used (PDB code)
Cryo-efficiency (cryoEF)
Model resolution (A)
FSC threshold
FSC model to map (0.143, 0.5)
Map sharpening B factor (A?)
Maodel composition
Non-hydrogen atoms
Protein residues
Ligands
B factors (A?)
Protein
Ligand
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Validation
MolProbity score
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%a)
Allowed (%)
Disallowed (%)

UltrAuFoil
FEI Vitrobot
Glacios
20aug23f
45000X
200

0

K2 Summit
Counting
83.6

40

0.8 -2.0
0.98

1,007
324,933
25,182
10
Cl
48

UltrAuFoil
FEI Vitrobot
Glacios
20aug30b
45000X
200

0

K2 Summit
Counting
60.1

30
0.8-2.0
0.98

972
282,365
32,231

1,698

4BN2
0.58
4.8
0.143

4.8, 7.1
-200

5699
725
199

0.015

1.382
1.68

4.15

92.08
6.22
1.70

UltrAuFoil
FEI Vitrobot
Glacios
20sep17h
45000X
200

0

K2 Summit
Counting
61.25

35

0.8-2.0
0.98

1,247
394,676
41,674

UltrAuFoil
FEI Vitrobot
Glacios
20sep25f
45000X
200

0

K2 Summit
Counting
60.76

35

0.8-2.0
0.98

2,958
1,031,191
90,897
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Table S4.4. Cryo-EM data collection, analysis, and validation statistics for KIFBP:KIF18A.

Structure: KIFBP:KIF18A

(EMD-24672)
(PDB 7RSI)

Data collection
Grids

Vitrification method
Microscope

Session name
Magnification
Voltage (kV)

Stage tilt (°)
Detector

Recording mode
Total electron exposure (¢ /A?)
Number of frames
Defocus range (pum)
Pixel size (A)

Data processing

Number of micrographs
Initial particle images (no.)
Final particle images (no.)
Final particles in refinement
Symmetry

Map resolution (A)

Refinement
Initial model used (PDB code)
Cryo-efficiency (cryoEF)
Model resolution (A)
FSC threshold
Map sharpening B factor (A?)
Model composition
Non-hydrogen atoms
Protein residues
Ligands
B factors (A?)
Protein
Ligand
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Validation
MolProbity score
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

UltrAuFoil
FEI Vitrobot
Talos Arctica
200ct06g
45000X

200

0

K2 Summit
Counting
57.0

35

0.8-2.0
0.91

532
71,529
44,395
54,801
Cl
4.9

3LRE
0.67
4.9

0.143

UltrAuFoil
FEI Vitrobot
Talos Arctica
20nov05¢
45000X

200

0

K2 Summit
Counting
51.8

35

0.8-2.0
0.91

571
94,716

-163.5

N/A

N/A

N/A

N/A

N/A

UltrAuFoil
FEI Vitrobot
Talos Arctica
21jan22b
45000x

200

0

K2 Summit
Counting
61.2

40

0.8-2.0

0.91

3,566
638,186
111,764
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Table S4.5. High-confidence crosslinks between KIFBP and KIF15. A summary of all high-confidence crosslinks
identified between KIFBP and the KIF15 motor domain using mass spectrometry and the lysine-targeting crosslinker
BS3. The position of KIFBP and KIF15 residues of each crosslink are shown.

KIFBP Residue KIF15 Residue
273
283
319
361
273
283
319
361
364
366
273
283
273
283
283
319
350 364
361
366
283
364
319
361
364
366
361
364

26

30

36

205

307

556

564

610

617
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