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ABSTRACT
Mitosis is the process by which a single cell divides to form two identical daughter cells.
Each daughter cell must inherit a full complement of the genetic material. Thus, a critical
aspect of mitosis is the faithful segregation of each duplicated chromosome.
Chromosome segregation is achieved through the attachment of a chromosomelocalized macromolecular complex, termed the kinetochore, to microtubules.
Microtubules are dynamic polymers comprised of tubulin heterodimers. The successful
execution of mitosis additionally depends on the organization of the microtubules into a
bipolar array, termed the mitotic spindle. The depolymerization of kinetochore-bound
microtubules generates the force required to properly segregate the chromosomes. The
work in this thesis analyzes the molecular basis for the function and activity of two key
players in microtubule function. First, I investigate the mechanisms by which the Ska1
complex facilitates the continued association of the kinetochore with microtubules, even
as the microtubules grow and shrink. I show that Ska1 uses multiple surfaces to interact
with diverse tubulin substrates, and each of these surfaces are required for microtubule
tip tracking and optimal mitotic progression. Second, I analyze cytoplasmic dynein, a
microtubule-based motor that is critically required to maintain spindle bipolarity and
execute numerous other cellular processes throughout the cell cycle. The execution of
these diverse functions of dynein relies on precise temporal and spatial regulation of
dynein activity. Dynein regulation is accomplished in part by the association of adaptor
proteins with the dynein complex, including Nde1. Here, I show that Nde1 utilizes
distinct intermolecular interactions to regulate different dynein functions. I also identify a
previously uncharacterized interaction between Nde1 and the 26S proteasome. Finally,
I explore a potential role for post-translational modifications in regulating dynein
function. I find that the localization of dynein during mitosis is rapidly altered following
the addition of small molecule inhibitors of ubiquitination enzymes. Together, these
findings provide new insights into the function and regulation of diverse components of
the mitotic machinery.
Thesis Supervisor: Iain M. Cheeseman
Title: Professor of Biology
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Chapter I: Introduction

Portions of this chapter were adapted from The Company of Biologists Ltd:
Monda JK and Cheeseman IM. 2018. The kinetochore-microtubule interface at a
glance. Journal of Cell Science. 131, doi:10.1242/jcs.214577.
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Mitosis
Cell division is a fundamental process that is carried out by all organisms. During
mitosis, the genetic material of each cell must be evenly distributed between both
resulting daughter cells. The loss or gain of even a single chromosome can result in
catastrophic consequences for the organism (Schukken and Foijer, 2018). To ensure
the accurate distribution of the DNA in eukaryotes, a large macromolecular complex
termed the kinetochore assembles onto a specific region of each chromosome, termed
the centromere, during mitosis. The kinetochore, composed of more than 100 different
proteins, thereby serves as the link between the DNA and the microtubules.
Microtubules are dynamic polymers of tubulin heterodimers and are critically important
during mitosis as depolymerization of kinetochore-associated microtubules ultimately
provides the driving force for chromosome segregation (Musacchio and Desai, 2017).
Successfully harnessing the force released by microtubule depolymerization and
transducing that force to the DNA requires a sufficiently stable kinetochore-microtubule
attachment. Generating a stable microtubule attachment is not a trivial task. Within the
vast expanse of the cytoplasm, the kinetochore must locate and bind to microtubules. If
even a single kinetochore lacks microtubule attachments, the spindle assembly
checkpoint will prevent anaphase onset (Rieder et al., 1995). Furthermore, the
kinetochores of each sister chromatid must bind to microtubules that emanate from
opposing poles of the bipolar spindle to achieve a state termed bi-orientation.
Kinetochore-microtubule interactions are therefore initially highly dynamic to facilitate
correction of erroneous attachments. Once bi-orientation is achieved, the kinetochoremicrotubule attachment must be stabilized for force transduction, yet also remain
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sufficiently dynamic so as to maintain its association even as the microtubule
polymerizes and depolymerizes. In this chapter, I discuss the features and molecular
players that have key roles in overcoming these challenges to facilitate the formation of
robust kinetochore-microtubule interactions. I focus on the kinetochore-localized
proteins that bind microtubules, as well as proteins that alter the dynamics and
organization of kinetochore-bound microtubules. I also discuss the function and
regulation of the microtubule-based motor, cytoplasmic dynein, including its diverse
roles throughout the cell cycle.

Microtubule capture and lateral to end-on conversion
Accurate chromosome segregation depends on the generation of end-on kinetochoremicrotubule interactions where the plus end of the microtubule is embedded within the
kinetochore. However, some kinetochores will initially associate with the side of the
microtubule, rather than the end (Barisic et al., 2014; Kapoor et al., 2006; Magidson et
al., 2011; Tanaka et al., 2005). These lateral associations are mediated by one of two
kinetochore-localized, microtubule-based motors - cytoplasmic dynein and centromereassociated protein E (CENP-E). As a minus-end directed motor, dynein transports
chromosomes towards the spindle pole (Li et al., 2007; Vorozhko et al., 2008; Yang et
al., 2007) and thereby towards a region of high microtubule density. Chromosome
congression is then promoted by the plus-end directed activity of CENP-E (McEwen et
al., 2001) (Figure 1). During mitosis, microtubule plus ends are located at both the cell
cortex and equator (Prosser and Pelletier, 2017). The directionality of CENP-E-driven
chromosome transport is guided by tubulin detyrosination (Barisic et al., 2015), a
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modification that is found to be enriched in the equator-oriented microtubules of the
mitotic spindle and depleted in the cortical microtubules (Gundersen and Bulinski,
1986). In this way, the combined actions of dynein and CENP-E help to ensure timely
chromosome alignment, and also promote the formation of end-on attachments by
ensuring incorporation of the chromosomes into the spindle (Itoh et al., 2018).

Dynein

-

+

CENP-E

-

+

Figure 1. Microtubule capture. Dynein and CENP-E mediate initial lateral attachments
between the kinetochore and microtubules. Dynein, recruited to the kinetochore by
Spindly and the RZZ complex, transports chromosomes towards the spindle pole.
CENP-E transports chromosomes towards the equator, guided by tubulin
detyrosination.
To generate the initial lateral microtubule interactions, kinetochores expand their
reach by forming a structure termed the fibrous corona (Jokelainen, 1967; Magidson et
al., 2015; McEwen et al., 1993; Rieder, 1982). A subset of outer kinetochore proteins
including dynein (Wordeman et al., 1991), CENP-E (Cooke et al., 1997), CENP-F
(Rattner et al., 1993; Zhu et al., 1995), and the Rod/ZW10/Zwilch (RZZ) complex (Basto
et al., 2004; Starr et al., 1998), form an extended crescent-shaped structure that
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surrounds the kinetochore in the absence of microtubules (Dong et al., 2007; Echeverri
et al., 1996; Hoffman et al., 2001; Thrower et al., 1996), thereby creating a large
platform to capture microtubules. In Xenopus oocytes, an even larger expansion
including more kinetochore proteins has also been recently described (Wynne and
Funabiki, 2015).
The eventual conversion from a lateral to an end-on attachment is regulated by
the counteracting functions of Aurora B kinase and protein phosphatase 2A (PP2A), and
facilitated by the Astrin-small kinetochore-associated protein (SKAP) complex (Shrestha
et al., 2017) (Figure 2). Although geometrically distinct from the final goal of end-on
microtubule

attachments,

the

early

establishment

of

kinetochore-microtubule

interactions sets the stage for the subsequent mitotic events and helps facilitate
chromosome alignment at the metaphase plate.

Figure 2. Regulation of core kinetochore-microtubule interactions. Prior to the
recruitment of dynein to the kinetochore, the RZZ complex inhibits Ndc80-microtubule
interactions. Binding of Ndc80 to microtubules is also negatively regulated by Aurora-
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mediated phosphorylation. PP2A and PP1 dephosphorylate Aurora substrates as
kinetochores bi-orient.
Core kinetochore-microtubule interactions
Mature end-on microtubule attachments are required for chromosome bi-orientation and
satisfaction of the spindle assembly checkpoint (Kuhn and Dumont, 2017). The central
player in the formation of these stable attachments is the Ndc80 complex, a component
of the kinetochore scaffold 1 (KNL1)/Mis12/Ndc80 (KMN) network. The KMN network
serves as the key link between the microtubules and the DNA (Figure 3), as it also
binds the DNA-associated inner kinetochore proteins CENP-C and CENP-T (Gascoigne
et al., 2011; Huis In 't Veld et al., 2016; Kim and Yu, 2015; Malvezzi et al., 2013; Nishino
et al., 2013; Przewloka et al., 2011; Rago et al., 2015; Schleiffer et al., 2012; Screpanti
et al., 2011). CENP-T further acts as a platform to expand the microtubule-binding
capacity of the kinetochore as a single CENP-T protein can recruit two Ndc80
complexes in addition to an entire complement of the KMN network (Huis In 't Veld et
al., 2016; Pekgoz Altunkaya et al., 2016; Rago et al., 2015) (Figure 3). The precise
stoichiometry of Ndc80 and the other components of the kinetochore-microtubule
interface are likely to be central to the structure, organization, and functionality of these
interactions.
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Figure 3. Molecular players at the kinetochore-microtubule interface. At every
kinetochore, numerous microtubule-binding proteins act to ensure accurate
chromosome segregation. The Ndc80 complex, through interactions with CENP-T,
KNL1, and the Mis12 complex, is the central player in the formation of kinetochoremicrotubule attachments. In metazoans, the Ska1 complex promotes tracking of the
microtubule plus end by the kinetochore. Just prior to anaphase onset, the Astrin-SKAP
complex localizes to kinetochores to stabilize the existing kinetochore-microtubule
attachments. Kif18A suppresses microtubule dynamics. MCAK is a non-motile kinesin
that destabilizes microtubules. ch-TOG, CLIP-170, and the CLASP protein family
promote microtubule growth. The EB protein family autonomously tracks microtubule
plus ends and recruits other proteins that contain CAP-Gly domains or SxIP motifs to
alter microtubule dynamics. Each kinetochore binds many microtubules, and each
microtubule will contain many of these proteins. Therefore, it will be critically important
to determine how the activities of each of these proteins are integrated to ensure
accurate chromosome segregation in every cell division.
To ensure proper microtubule interactions, the KMN network is regulated by a
variety of mechanisms. For example, Ndc80 binding to microtubules is negatively
regulated by the Rod/Zw10/Zwilch (RZZ) complex in early mitosis, and that inhibition is
relieved by recruitment of dynein to the kinetochore (Cheerambathur et al., 2013)
(Figure 2). The RZZ complex and dynein show dynamic localization to kinetochores,
with RZZ localization being highest at nuclear envelope breakdown, and dynein
localization being highest later in prometaphase (Itoh et al., 2018). In this way, RZZmediated inhibition of Ndc80 likely prevents the formation of stable end-on attachments
early in mitosis when there is a high frequency of incorrect kinetochore-microtubule
interactions (Cheerambathur et al., 2013), such as syntelic attachments - where both
sister kinetochores are attached to the same pole, or merotelic attachments - where a
single kinetochore attaches to microtubules from both spindle poles (Figure 4).
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Amphitelic
(Bi-oriented) Monotelic

Syntelic

Merotelic

Figure 4. Kinetochore-Microtubule Attachment States. Successful mitoses depend
on the formation of amphitelic attachments between the sister kinetochores (shown in
red) of each chromosome (shown in blue) and the microtubules of the mitotic spindle
(shown in green).
In addition to regulation by RZZ, Ndc80 is also negatively regulated by
phosphorylation by mitotic kinases, including Aurora A and Aurora B (Cheeseman et al.,
2002; Chmatal et al., 2015; DeLuca et al., 2006; Shrestha et al., 2017; Ye et al., 2015).
Aurora-mediated phosphorylation decreases the affinity of Ndc80 for microtubules
(Cheeseman et al., 2006) (Figure 2), thereby allowing for correction of aberrant
kinetochore-microtubule interactions. Consistent with this, Ndc80 phosphorylation is
highest in prometaphase and decreases in metaphase through the combined actions of
two phosphatases, PP1 and PP2A-B56 (Liu et al., 2010; Posch et al., 2010; Schleicher
et al., 2017) (Figure 2). However, recent work has also suggested that a subset of
phosphorylation sites are maintained by Aurora A throughout mitosis to ensure proper
microtubule dynamics (DeLuca et al., 2017). Thus, the proper segregation of the DNA
relies on precise control of the microtubule-binding activity of the KMN network.

Dynamic microtubule tip tracking
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During mitosis, the kinetochore needs to not only establish end-on microtubule
attachments, but also maintain those attachments while the microtubule grows and
shrinks. Indeed, associations with dynamic microtubules contribute to multiple aspects
of mitosis. For example, in addition to motor-driven chromosome congression, as
discussed above, depolymerization-coupled pulling on kinetochores also contributes to
chromosome congression and relies on the ability of the kinetochore to maintain its
association with a depolymerizing microtubule (Auckland and McAinsh, 2015).
Additionally, chromosomes undergo oscillations during metaphase (Jaqaman et al.,
2010; Skibbens et al., 1993), thereby requiring one sister chromatid to associate with
depolymerizing microtubules while the other sister chromatid associates with elongating
microtubules. Finally, chromosome segregation during anaphase is driven by the
association of kinetochores with depolymerizing microtubules (Musacchio and Desai,
2017).
Although critically required for the formation of stable microtubule attachments,
the role of Ndc80 in microtubule tip tracking is less clear. In vitro, Ndc80 complexes are
unable to track depolymerizing microtubules (Schmidt et al., 2012) unless the complex
is artificially oligomerized (McIntosh et al., 2008; Powers et al., 2009; Volkov et al.,
2018). It is unclear how well this oligomerization mimics the organization of the ~14
Ndc80 complexes that bind to each kinetochore-microtubule in human cells (Suzuki et
al., 2015), but it suggests that Ndc80 contributes to the associations with dynamic
microtubules. Indeed, the phosphorylation state of the Ndc80 complex tunes the
association of kinetochores with elongating microtubules in vivo (Long et al., 2017).
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In fungi, the ring-like Dam1 complex facilitates processive microtubule
interactions by binding both Ndc80 and the microtubule and sliding along the
microtubule as protofilaments peel away during depolymerization (Grishchuk et al.,
2008; Lampert et al., 2010; Miranda et al., 2005; Tien et al., 2010; Westermann et al.,
2005). Interestingly, this mechanism is not widely conserved, as metazoans do not
contain homologs of the Dam1 complex (van Hooff et al., 2017). Instead, in species
lacking the Dam1 complex, the spindle and kinetochore-associated protein 1 (Ska1)
complex likely serves as a functional analog (Gaitanos et al., 2009; Welburn et al.,
2009), although the Ska1 complex does not form a ring-like structure (Monda et al.,
2017; Schmidt et al., 2012; Welburn et al., 2009).
Ska1 is recruited to the kinetochore by the Ndc80 complex (Cheerambathur et
al., 2017; Janczyk et al., 2017), and the phosphatases PP1 and PP2A also promote
accumulation of Ska1 at aligned kinetochores (Sivakumar and Gorbsky, 2017). Indeed,
the levels of kinetochore-localized Ska1 increase throughout congression, thereby
enhancing the ability of mature kinetochore-microtubule attachments to sustain loadbearing forces (Auckland et al., 2017). In vitro, Ska1 autonomously tracks both
depolymerizing and elongating microtubules (Monda et al., 2017; Schmidt et al., 2012),
supporting the model that Ska1 contributes to the ability of the kinetochore to generally
associate with dynamic microtubules (Helgeson et al., 2018) (Figure 3). The
mechanistic basis underlying the ability of Ska1 to track dynamic microtubules is the
subject of Chapter II of this thesis.
In addition to Ska1, other factors may contribute to dynamic microtubule
interactions. For example, CENP-F also tracks depolymerizing microtubules in vitro
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(Volkov et al., 2015). Together, the integrated microtubule-binding activities of Ska1, the
Ndc80 complex and perhaps other proteins create the dynamic interface required for
persistent association with microtubules.

Stabilization of end-on attachments
Cycles of microtubule polymerization and depolymerization generate forces that can be
transmitted through the kinetochore to drive chromosome movement. Withstanding and
harnessing that force requires the kinetochore-microtubule attachment to be sufficiently
robust and stable. Although the Ndc80 complex is critical for the formation of
microtubule attachments (Cheeseman et al., 2006; DeLuca et al., 2006), other
microtubule-binding proteins play key roles in stabilizing and strengthening those
microtubule interactions. First, the microtubule-bound Ska1 complex strengthens
Ndc80-mediated

microtubule

interactions

and

is

capable

of

bearing

load

(Cheerambathur et al., 2017; Helgeson et al., 2018), in addition to its role in tracking
dynamic microtubules (Monda et al., 2017; Schmidt et al., 2012). Second, the AstrinSKAP

complex

specifically

localizes

to

microtubule-attached

and

bi-oriented

kinetochores where it binds to microtubules synergistically with Ndc80 (Kern et al.,
2017) (Figure 5). Thus, the activities of Ndc80, Ska1, Astrin-SKAP, and potentially other
proteins, create a stable kinetochore-microtubule interface that is capable of
withstanding the significant force exerted by the mitotic spindle.
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Stabilized, bi-oriented attachments
Kinetochores under tension

Figure 5. Stabilization of kinetochore-microtubule attachments. Bi-oriented
microtubule attachments are stabilized by the Astrin-SKAP complex. The Ska1 complex
is progressively loaded onto kinetochores throughout this process of establishing
kinetochore-microtubule interactions.
Kinetochore-fiber organization
In most organisms, each kinetochore binds a bundle of multiple microtubules (~17 in
human cells (McEwen et al., 2001; Wendell et al., 1993)), collectively referred to as a
kinetochore-fiber (k-fiber). In contrast to other populations of mitotic microtubules, kfibers are uniquely stable, as evidenced by their persistence after cold-treatment
(Salmon and Begg, 1980). This enhanced stability is the result of their plus ends being
embedded within kinetochores and the cross-linking and bundling of adjacent
microtubules. The transforming acidic coiled-coil-containing protein 3 (TACC3)/
cytoskeleton-associated protein 5 (ch-TOG)/clathrin protein complex, stabilized by
phosphatidylinositol 4-phosphate 3-kinase C2 domain-containing subunit alpha (PI3KC2α) (Gulluni et al., 2017), crosslinks microtubules and contributes to the organization
of the mitotic spindle (Booth et al., 2011; Nixon et al., 2017) (Figure 6). K-fiber
stabilization is also achieved through the microtubule-bundling activity of hepatoma upregulated protein (HURP) (Koffa et al., 2006; Sillje et al., 2006; Wong and Fang, 2006)
(Figure 6). Together, the stabilization and organization of k-fibers by these proteins
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ultimately allows for the generation of sufficient force to drive accurate chromosome
segregation.

PI3K-C2α ch-TOG
TACC3

Clathrin

HURP

Figure 6. Each human kinetochore binds to a bundle of 15-20 microtubules. These
bundles are organized and cross-linked through the combined activities of a TACC3/chTOG/Clathrin/PI3K-C2α complex and HURP.
Control of microtubule dynamics
Chromosome congression, bi-orientation, and segregation depend on precise regulation
of the stability and dynamics of the microtubules in the mitotic spindle. This balance is
achieved though the combined actions of numerous proteins that both positively and
negatively regulate microtubule growth through diverse mechanisms. Regulators that
localize at or near kinetochores include Kif18A (Mayr et al., 2007), mitotic centromereassociated kinesin (MCAK) (Wordeman and Mitchison, 1995), ch-TOG (Gergely et al.,
2003), cytoplasmic linker protein 170 (CLIP-170) (Dujardin et al., 1998), and the CLIPassociating protein (CLASP) (Maiato et al., 2003) and end-binding (EB) (Juwana et al.,
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1999) families of microtubule binding proteins (Figure 3). Metaphase chromosome
oscillations are regulated by the kinetochore-localized kinesin, Kif18A, which
suppresses microtubule dynamics (Du et al., 2010; Stumpff et al., 2008; Stumpff et al.,
2012). At anaphase onset, Kif18A and other factors must be dephosphorylated to allow
for a switch from oscillations to robust poleward movement of the separated sister
chromatids (Su et al., 2016). MCAK is a kinesin-13 family member (Lawrence et al.,
2004) and a microtubule depolymerase (Desai et al., 1999; Hunter et al., 2003). By
promoting microtubule depolymerization at kinetochores that are not yet bi-oriented and
stably associated with the microtubule, MCAK facilitates the correction of erroneous
kinetochore-microtubule attachments and thereby increase the likelihood of achieving
bi-orientation (Kline-Smith et al., 2004). The activity of MCAK is counteracted by chTOG, a highly processive microtubule polymerase (Brouhard et al., 2008). CLIP-170
and CLASPs also promote microtubule growth, with CLIP-170 promoting the transition
from microtubule depolymerization to microtubule polymerization (Komarova et al.,
2002), and CLASPs promoting the incorporation of tubulin subunits into k-fibers (Maiato
et al., 2005). The EB family of proteins, comprised of EB1, EB2 and EB3 in mammals
(Su and Qi, 2001), are autonomous plus-end tracking proteins (Bieling et al., 2007) that
recruit a variety of other proteins that contain cytoskeleton-associated proteins (CAP)Gly domains or SxIP motifs (Kumar and Wittmann, 2012) to affect microtubule growth or
organization (Browning et al., 2003; Komarova et al., 2005; Mimori-Kiyosue et al., 2005;
Niethammer et al., 2007; Su et al., 1995).
The functions of these regulators of microtubule dynamics are also subject to
regulatory control themselves. For example, MCAK is phosphorylated by numerous
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mitotic kinases (Andrews et al., 2004; Lan et al., 2004; Ohi et al., 2004; Sanhaji et al.,
2010; Zhang et al., 2011; Zhang et al., 2007). Recent work has demonstrated that
CDK1-mediated phosphorylation of a single threonine residue in the MCAK motor
domain is sufficient to block the ability of MCAK to distinguish the end of the microtubule
from the lattice, and thereby reduce microtubule depolymerization (Belsham and Friel,
2017). Additionally, MCAK undergoes significant structural rearrangements upon
binding a microtubule that allow for optimal depolymerase activity (Burns et al., 2014;
Ems-McClung et al., 2013; Talapatra et al., 2015). Collectively, these diverse
microtubule-associated proteins facilitate cell division by ensuring a dynamic mitotic
spindle.

Functions of dynein throughout the cell cycle
As discussed at the beginning of this chapter, dynein helps establish initial kinetochoremicrotubule interactions and promotes the timely alignment of chromosomes to the
metaphase plate. In addition, dynein performs numerous other functions throughout the
cell during both mitosis and interphase. In my graduate work, I have aimed to
understand the mechanisms underlying dynein regulation in these diverse contexts, and
my findings are presented here in Chapters III and IV.
Dynein is a member of the ATPases associated with diverse cellular activities
(AAA+) superfamily, and uses the energy from ATP hydrolysis to walk along a
microtubule (Neuwald et al., 1999). Dynein motility proceeds in a polar fashion, from the
plus end to the minus end of the microtubule (Kardon and Vale, 2009). Significantly,
dynein is the primary minus end-directed motor in the cell (Kardon and Vale, 2009). This
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is in contrast to the family of kinesin motor proteins that display microtubule plus enddirected motility, in which each kinesin is specialized to perform specific functions
(Kardon and Vale, 2009). Dynein must be able to perform all necessary minus-end
directed activities. For example, during mitosis, dynein not only helps promotes
kinetochore-microtubule interactions, but also contributes to positioning of the
centrosomes (Splinter et al., 2010) and nuclear envelope breakdown (Salina et al.,
2002) during prophase, focusing the minus ends of the microtubules at the spindle
poles to ensure assembly of a bipolar spindle (Verde et al., 1991, Echeverri et al., 1996,
Gaglio et al., 1996, Heald et al., 1996), pulling the spindle to properly align the
metaphase plate (Woodard et al., 2010, Kiyomitsu and Cheeseman, 2012, Kotak et al.,
2012, Laan et al., 2012) and finally, silencing the spindle assembly checkpoint at the
metaphase to anaphase transition (Howell et al., 2000, Howell et al., 2001, Basto et al.,
2004) (Figure 7). Dynein additionally performs numerous roles during interphase, such
as transporting diverse cargo towards the centrosome (Reck-Peterson et al., 2018),
maintaining the localization and organization of the Golgi apparatus (Burkhardt et al.,
1997, Harada et al., 1998), positioning the nucleus within the cell (Plamann et al., 1994,
Xiang et al., 1994), and exerting force on the cytoskeleton network to allow for cell
(Dujardin et al., 2003, Tsai et al., 2007) or nuclear migration (Tsai et al., 2010, Folker et
al., 2014, Cadot et al., 2015) (Figure 7).
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Figure 7. Diverse functions of dynein throughout the cell cycle. Cartoon illustrating
some of the functions and localizations of dynein during interphase and mitosis. Plus
signs indicate the plus ends of the microtubules. Adapted from (Roberts et al., 2013).
Structure of cytoplasmic dynein
The dynein complex is composed of 2 copies of each of 6 different subunits and has a
molecular weight of approximately 1.4 MDa (Reck-Peterson et al., 2018) (Figure 8). The
motor activity of dynein resides within the dynein heavy chain (DHC) (Reck-Peterson et
al., 2018). DHC contains six AAA+ domains, a microtubule-binding domain and a
dimerization domain (Kardon and Vale, 2009). The other subunits of the dynein
complex, dynein intermediate chain (DIC), dynein light intermediate chain (DLIC), Tctex,
LC8, and Roadblock are not strictly required for dynein motility in vitro, but play key
roles in cargo binding and regulating dynein function (Karki and Holzbaur, 1995,
Vaughan and Vallee, 1995, Purohit et al., 1999, Tai et al., 1999, Farkasovsky and
Kuntzel, 2001).
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Cytoplasmic Dynein
Figure 8. Structure of cytoplasmic dynein. Model of cytoplasmic dynein with the
motor domain in blue and the other core subunits in green. Examples of adaptor
proteins are listed in purple with lines indicating known interactions. Adapted from (Vale,
2003).
Regulation of dynein by adaptor proteins
The localization and function of dynein in vivo additionally depends on the association of
dynein with various adaptor proteins. The best characterized dynein adaptor is the
multi-protein complex dynactin. Dynactin enhances dynein motility in vitro and is
required for most functions of dynein in vivo (Kardon and Vale, 2009). Other dynein
adapters, such as the Rod/Zwilch/ZW10 (RZZ) complex, are required for specific
aspects of dynein function. The RZZ complex, together with an additional adapter,
Spindly, recruits dynein to mitotic kinetochores (Starr et al., 1998, Griffis et al., 2007,
Gassmann et al., 2008, Whyte et al., 2008, Chan et al., 2009). Dynein localization to the
nuclear envelope is primarily controlled by Bicaudal D2 (Splinter et al., 2010). Bicaudal
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D2 additionally further stimulates the motility of the dynein-dynactin complex in vitro
(McKenney et al., 2014, Schlager et al., 2014). The Hook family of proteins (Hook1,
Hook2, and Hook3) serve as cargo adaptors for endosomes (Walenta et al., 2001,
Bielska et al., 2014, Zhang et al., 2014, Guo et al., 2016). Hook proteins (Walenta et al.,
2001, Baron Gaillard et al., 2011) and Bicaudal D2 (Hoogenraad et al., 2001) also bind
to Golgi vesicles. Platelet-activating factor acetylhydrolase IB subunit alpha (Lis1) and
Nuclear distribution protein nudE homolog 1 (Nde1) coordinately regulate multiple
functions of dynein throughout the cell cycle (Raaijmakers and Medema, 2014) and are
the focus of Chapter III of this thesis.

Nde1
Nde1 was identified through genetic screens in filamentous fungi as a contributor to
nuclear migration (Minke et al., 1999) and a suppressor of Lis1-and dynein-induced
defects in nuclear positioning (Efimov and Morris, 2000), with homologs of Nde1 or its
highly similar paralog, NdeL1, subsequently found in diverse species (Feng et al., 2000,
Kitagawa et al., 2000, Niethammer et al., 2000, Sasaki et al., 2000). Nde1 and NdeL1
share 58% sequence identity and are generally thought to play functionally redundant
roles in regulating dynein activity (Kardon and Vale, 2009, Bradshaw and Hayashi,
2017). Indeed, simultaneously depleting both Nde1 and NdeL1 results in unfocused
mitotic spindles (Raaijmakers et al., 2013, McKinley and Cheeseman, 2017),
detachment of the centrosomes from the nuclear envelope in prophase (Bolhy et al.,
2011, Raaijmakers et al., 2013), and altered Golgi organization (Lam et al., 2010).
These defects are highly reminiscent of the phenotypes observed following the
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depletion of cytoplasmic dynein (Raaijmakers et al., 2013), implying a central role for
Nde1 and NdeL1 in dynein regulation.
In cell culture, loss of either Nde1 or NdeL1 individually does not result in obvious
phenotypic consequences (Lam et al., 2010, Bolhy et al., 2011, Raaijmakers et al.,
2013, McKinley and Cheeseman, 2017). This is in striking contrast to the effects
observed in vivo where loss of NdeL1 results in embryonic lethality in mice (Sasaki et
al., 2005). Nde1 knockout mice do survive, however they display a significant reduction
in brain size (Feng and Walsh, 2004). Similarly, NdeL1 mutations have not been shown
to be causative for any human diseases (Bradshaw and Hayashi, 2017), but human
patients with mutations in Nde1 have severe neurodevelopmental defects characterized
by both a reduction in brain size and an absence of the cortical folding (Alkuraya et al.,
2011, Bakircioglu et al., 2011, Guven et al., 2012, Paciorkowski et al., 2013, Tan et al.,
2017).
Nde1 and NdeL1 directly interact with multiple subunits of the cytoplasmic dynein
complex, including dynein heavy chain (Sasaki et al., 2000) and dynein intermediate
chain (Zylkiewicz et al., 2011). Additionally, Nde1 and NdeL1 bind to Lis1 (Efimov and
Morris, 2000, Feng et al., 2000, Sasaki et al., 2000). Nde1/NdeL1 are thought to help
tether Lis1 to dynein to facilitate dynein motility under conditions of high load
(McKenney et al., 2011, Huang et al., 2012). However, the precise mechanisms
underlying Nde1/NdeL1-mediated regulation of dynein function and the role of
Nde1/NdeL1 in neurodevelopment remain incompletely understood and are the subject
of Chapter III of this thesis.
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Regulation of dynein by post-translational modifications
In addition to regulation by adaptor proteins, dynein is also heavily post-translationally
modified, with over 200 modifications reported within the heavy chain of the dynein
complex alone (Hornbeck et al., 2015). These modifications include phosphorylation,
acetylation, succinylation, methylation, sumoylation and ubiquitination (Hornbeck et al.,
2015), yet very little is known about how these modifications affect dynein function.
In Chapter IV of this thesis, I explore a potential role for ubiquitination in altering
the mitotic localization of dynein. Ubiquitin is a 76 amino acid protein that is covalently
attached to a substrate through a series of three enzymatic reactions, catalyzed by an
E1, an E2 and an E3 (Schulman and Harper, 2009, Ye and Rape, 2009, Wenzel et al.,
2011, Komander and Rape, 2012, Metzger et al., 2014, Leestemaker and Ovaa, 2017).
The best-characterized function of ubiquitination is to target a substrate for degradation
by the 26S proteasome (Kwon and Ciechanover, 2017). This is typically accomplished
by the synthesis of a poly-ubiquitin chain where the C-terminus of ubiquitin is covalently
attached to the side chain of lysine 48 of another ubiquitin (Kwon and Ciechanover,
2017). Alternatively, substrates can be modified by a single ubiquitin, or polyubiquitin
chains can be built from any of six other internal lysines or the N-terminal methionine of
ubiquitin (Kwon and Ciechanover, 2017). The type of linkage utilized in building the
polyubiquitin chain helps determine the downstream effect on the ubiquitinated
substrate (Kwon and Ciechanover, 2017). For example, K63-linked chains frequently do
not result in degradation of the substrate (Pickart and Fushman, 2004). Instead this
modification has been shown to play a role in processes such as endocytosis and DNA
repair, as well as affecting protein-protein interactions and protein localization (Hofmann
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and Pickart, 1999, Komander and Rape, 2012, Erpapazoglou et al., 2014). Intriguingly,
prior work suggests that dynein is modified by ubiquitination events that do not lead to
degradation by the proteasome (Kim et al., 2011).

Findings presented in this thesis
During my graduate work, I used biochemical and cell biological approaches to dissect
the function and regulation of two microtubule-binding protein complexes – Ska1 and
cytoplasmic dynein.
First, in collaboration with the Grishchuk and Milligan labs, I investigated the
mechanism by which Ska1 associates with dynamic microtubules. In Chapter II of this
thesis, I show that Ska1 binds soluble tubulin, as well as microtubules. Prior work had
shown that multiple surfaces of Ska1 contribute to microtubule-binding. Here, I show
that mutations on a single surface of Ska1 disrupt binding to soluble tubulin, but not
microtubules. Additionally, these mutations prevent microtubule plus end tracking by
Ska1 on both polymerizing and depolymerizing microtubules. Finally, I show that
expression of these tip-tracking mutants in cells causes chromosome alignment defects
and increased mitotic duration. Thus, Ska1 likely uses multiple tubulin-binding surfaces
to ensure a more processive interaction with the dynamic microtubule.
Second, I investigated mechanisms of dynein regulation by both adaptor proteins
and post-translational modifications. Nde1 is a key regulator of dynein function, yet very
little is known about how it affects dynein function. Additionally, unique phenotypes
associated with mutations in Nde1 in human patients suggest an incomplete
understanding of the cellular functions of Nde1. In Chapter III, I present evidence that
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Nde1 utilizes distinct mechanisms to regulate dynein function in different contexts.
Dynein is therefore not regulated simply by the presence or absence of specific adaptor
proteins. Instead dynein function can be differentially controlled by the alterations in the
specific intermolecular interactions within the dynein-adaptor protein complex.
I additionally took an unbiased mass spectrometry-based approach to probe for
novel cellular functions of Nde1. I uncovered an interaction between Nde1 and the 26S
proteasome, the primary machine for regulated protein degradation in the cell. I dissect
the molecular basis for the Nde1-proteasome interaction and find that the interaction is
specific to a human Nde1 isoform that is not found in most other mammals. Because
mutations in human Nde1 have more severe neurodevelopmental consequences than
mouse Nde1 mutations, I speculate that the Nde1-proteasome interaction plays a
critical role in the development of the human brain. These findings are presented in
Chapter III.
Finally, in Chapter IV, I show that treatment of mitotic cells with small molecule
inhibitors of ubiquitination enzymes results in a rapid and dramatic relocalization of
dynein to the spindle poles. Only a subset of mitotic dynein adaptor proteins are
similarly affected, suggesting that distinct dynein populations are differentially affected
by these drug treatments. These findings highlight that dynein function can be
modulated on very short time-scales, potentially allowing the cell to quickly respond to
changing needs in force production.
Together, the work presented in this thesis expands our understanding of how
metazoan kinetochores associate with dynamic microtubules to ensure faithful
chromosome segregation. Additionally, this work defines diverse mechanisms
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underlying the regulation of cytoplasmic dynein, and identifies a potentially critical role
for Nde1 in the development of the human brain.
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Chapter II: Microtubule tip tracking by the spindle and kinetochore protein Ska1
requires diverse tubulin-interacting surfaces
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Summary
The

macromolecular

kinetochore

functions

to

generate

interactions

between

chromosomal DNA and spindle microtubules (Cheeseman, 2014). To facilitate
chromosome movement and segregation, kinetochores must maintain associations with
both growing and shrinking microtubule ends. It is critical to define the proteins and their
properties that allow kinetochores to associate with dynamic microtubules. The
kinetochore-localized human Ska1 complex binds to microtubules and tracks with
depolymerizing microtubule ends (Schmidt et al., 2012). We now demonstrate that the
Ska1 complex also autonomously tracks with growing microtubule ends in vitro, a key
property that would allow this complex to act at kinetochores to mediate persistent
associations with dynamic microtubules. To define the basis for Ska1 complex
interactions with dynamic microtubules, we investigated the tubulin-binding properties of
the Ska1 microtubule binding domain. In addition to binding to the microtubule lattice
and dolastatin-induced protofilament-like structures, we demonstrate that the Ska1
microtubule binding domain can associate with soluble tubulin heterodimers and
promote assembly of oligomeric ring-like tubulin structures. We generated mutations on
distinct surfaces of the Ska1 microtubule binding domain that disrupt binding to soluble
tubulin, but do not prevent microtubule binding. These mutants display compromised
microtubule tracking activity in vitro and result in defective chromosome alignment and
mitotic progression in cells using a CRISPR/Cas9-based replacement assay. Our work
supports a model in which multiple surfaces of Ska1 interact with diverse tubulin
substrates to associate with dynamic microtubule polymers and facilitate optimal
chromosome segregation.

54

Results and Discussion

The Ska1 microtubule binding domain oligomerizes tubulin around microtubules
We sought to define the properties of the Ska1 microtubule binding domain (MTBD;
(Schmidt et al., 2012)) that are required for its activities in microtubule tracking and
chromosome segregation. Our previous work using electron microscopy found that the
human Ska1 complex binds to microtubules, forming an ill-structured decoration on the
microtubule surface (Welburn et al., 2009; Schmidt et al., 2012). In contrast, when we
incubated the monomeric human or C. elegans Ska1 microtubule binding domain with
microtubule polymers, we found that it formed striking spiral structures that curled
around the microtubule lattice (Figures 1A and 1B). To assess the nature of these
oligomeric structures, we used cryo-EM and image analysis to generate a low-resolution
reconstruction of the C. elegans SKA-1 microtubule binding domain bound to
microtubules (Figure 1C; see Method Details). These reconstructions revealed
prominent density for the microtubule lattice, an outer ring surrounding the microtubule,
and additional density connecting the two rings. The outer ring has more density than
could easily be accounted for by the Ska1 MTBD, which has a molecular weight of ~15
kDa. Instead this outer ring is consistent with a filament of tubulin based on its structure,
conformation, and its diameter of ~5 nm (Figure 1C). The density connecting the
microtubule and outer ring therefore likely corresponds to the SKA-1 microtubule
binding domain.
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Figure 1. The Ska1 microtubule binding domain associates with soluble tubulin
dimer. A. Negative stain transmission electron microscopy image of the human Ska1
microtubule binding domain forming oligomeric assemblies around a microtubule. B.
Cryo-EM image of the C. elegans SKA-1 microtubule binding domain forming oligomeric
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assemblies around microtubules. C. 2 views of the cryo-EM reconstruction of the C.
elegans SKA-1 microtubule binding domain bound to a microtubule showing the
presence of the microtubule lattice, an outer oligomeric ring likely composed of tubulin,
and density connecting these rings likely corresponding to the SKA-1 microtubule
binding domain. D. Sedimentation assay demonstrating that incubation of soluble
tubulin heterodimer with Ska1 MTBD or Ska1 complex results in the formation of large
assemblies. Coomassie-stained gel showing supernatant (S) and pellet (P) fractions
from the indicated conditions. E. Negative stain transmission electron microscopy
images of the assemblies formed following incubation of the C. elegans SKA-1 MTBD or
human Ska1 MTBD with soluble tubulin. Rings formed by the incubation of dolastatin-10
with tubulin are shown as a comparison. Scale bars, 100 nm. F. Size exclusion
chromatography traces and Coomassie-stained gels of the peak fractions for the
indicated samples demonstrating co-elution of the Ska1 MTBD with RB3-SLD-tubulin.
Fractions run on the gel are indicated by the orange, blue and pink bars.
This behavior of the Ska1 MTBD is strikingly similar to that observed for the
kinesin-13 MCAK, which also induces the formation of a protofilament-like structure
encircling microtubules (Moores et al., 2006; Tan et al., 2006; Zhang et al., 2013). In the
case of both Ska1 and MCAK, it is unlikely that such a spiral or ring-like assembly is
formed in cells (as occurs for the fungal Dam1 complex, for example (Miranda et al.,
2005; Westermann et al., 2005)). Indeed, the full Ska1 complex did not generate similar
spirals around microtubules (Figure 2A), suggesting that this ordered structure is
constrained by the positioning of the MTBDs within the intact Ska1 complex.
Intriguingly, we note that formation of a tubulin spiral around microtubules by the Ska1
MTBD suggests that the monomeric Ska1 MTBD is able to bind simultaneously to two
tubulin subunits -– in this case, tubulin subunits present in the microtubule lattice as well
as soluble tubulin heterodimers.
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Figure 2. Electron microscopy analysis of the Ska1 microtubule binding domain.
A. Negative stain transmission electron microscopy images of microtubules alone or
with the full human Ska1 complex. Scale bar, 100 nm. B. Additional negative stain
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transmission electron microscopy images showing tubulin alone, or the assemblies
formed following incubation of the C. elegans Ska1 MTBD, human Ska1 MTBD, or
human Ska1 complex with soluble tubulin. Scale bars, 100 nm. C. Size exclusion
chromatography traces and Coomassie-stained gels for the indicated samples showing
binding of the human Ska1 complex to the RB3-SLD-tubulin complex. For the trace on
the left, RB3-SLD and tubulin were mixed at a 1:2 molar ratio. For the trace on the right,
RB3-SLD and tubulin were mixed at a 1:1.4 molar ratio. Although there is no shift in the
elution volume of the Ska1 complex in the presence of the RB3-SLD-tubulin complex,
analysis of the peak fractions by SDS-PAGE clearly demonstrates RB3-SLD co-elutes
with the Ska1 complex. Ska3 and tubulin migrate similarly on SDS-PAGE and therefore
cannot be distinguished from each other. Fractions run on the gels are indicated by the
colored bars below the traces.
Ska1 binds to tubulin dimer to form a higher order assembly
We next tested directly whether Ska1 is able to interact with unpolymerized, soluble
tubulin heterodimers. We incubated the Ska1 MTBD with an equimolar concentration of
GDP-tubulin heterodimers in the absence of added GTP to prevent microtubule
polymerization. Surprisingly, this resulted in the formation of an opaque precipitate that
pelleted after centrifugation (data not shown), suggesting that oligomeric assemblies
were formed. We therefore assessed sedimentation through a glycerol cushion. In
agreement with our prior results that the Ska1 microtubule binding domain behaves as a
monomer in solution (Schmidt et al., 2012), no sedimentation was detected for the Ska1
microtubule binding domain alone (Figure 1D). In contrast, incubation of the Ska1
MTBD with tubulin heterodimer resulted in the formation of an assembly containing both
tubulin and the Ska1 MTBD that sedimented by centrifugation (Figure 1D). Interestingly,
similar assemblies were also observed following the addition of the full-length human
Ska1 complex to soluble tubulin (Figure 1D), indicating that this property is preserved in
the physiological complex.
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To define the nature of the Ska1-tubulin assembly, we next used negative stain
transmission electron microscopy to visualize the C. elegans and human Ska1 MTBD
(Figures 1E and 2B) or the human Ska1 complex (Figure 2B) following incubation with
soluble tubulin heterodimer. We observed striking ring-like assemblies reminiscent of
the ring-like protofilament structures induced by the incubation of tubulin with the
compound dolastatin-10 (Figures 1E and 2B; also see (Schmidt et al., 2012)). Although
tubulin ring formation is not a common property of microtubule binding proteins, we note
that similar assemblies have been observed following addition of the CAP-Gly domains
of p150Glued or CLIP-170 to soluble tubulin (Wang et al., 2014), or following the addition
of the motor domain of the kinesin-8 Kif18A to stabilized microtubules (Peters et al.,
2010).
Because incubation of tubulin with the Ska1 MTBD results in large oligomeric
assemblies, to directly test its binding to soluble tubulin we utilized the stathmin-like
domain (SLD) of RB3, which associates with two tubulin heterodimers and maintains
tubulin in an unpolymerized state (Ravelli et al., 2004). We found that both the Ska1
MTBD (Figure 1F) and the Ska1 complex (Figure 2C) associated with the RB3-tubulin
complex based on altered migration in size exclusion chromatography. Together, these
results demonstrate that Ska1 associates with tubulin heterodimers in addition to its
previously defined interaction with polymeric tubulin substrates.

Generation of separation of function mutations for microtubule/tubulin binding by
targeting distinct surfaces on the Ska1 microtubule binding domain
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To specifically probe the contributions of Ska1 microtubule tip tracking to chromosome
segregation, it is critical to identify separation of function mutants that maintain the
ability to bind microtubules. The Ska1 MTBD forms a winged-helix structure and has
multiple distinct surfaces with positively-charged residues that contribute to microtubule
binding (Figure 3A; (Schmidt et al., 2012; Abad et al., 2014)). Prior work suggested that
these distinct surfaces allow Ska1 to bind to microtubules in diverse orientations (Abad
et al., 2014). Although several models could explain Ska1-induced tubulin
oligomerization, we hypothesized that this reflects Ska1 binding to multiple tubulin
heterodimers in diverse orientations. Because it seems unlikely that microtubule binding
would require multiple competent binding surfaces simultaneously, we sought to identify
Ska1 mutants that bound to microtubules, but did not induce tubulin oligomerization. To
do this, we generated a series of mutants targeting distinct surfaces of the Ska1 MTBD
with single or double amino acid substitutions in positively-charged, surface-exposed
residues known to contribute to microtubule interactions (Schmidt et al., 2012; Abad et
al., 2014). As compared to a four-residue mutant (K183A K184A K223A K226A)
previously shown to severely compromise microtubule binding (Figures 3B and 4A;
(Abad et al., 2014)), these mutants largely retained the ability to associate with
microtubule polymers (Figures 3B and 4A). These Ska1 mutants also bound to
dolastatin-induced protofilament-like tubulin rings, albeit with some reductions in
apparent binding activity (Figures 3B and 4A). Significantly, the majority of these
mutations prevented formation of larger assemblies with tubulin heterodimer (Figures
3B and 4A) and also compromised binding to the RB3-tubulin complex (Figures 3C and
4B). We additionally analyzed the K183A K184A mutant in the context of the full Ska1
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complex. Similar to the K183A K184A mutant MTBD, binding to microtubules and
dolastatin rings was maintained for the K183A K184A Ska1 complex, but tubulin
assembly and binding to the RB3-tubulin complex was compromised (Figures 4C and
4D). Thus, multiple distinct surfaces on Ska1 are required for promoting assembly of
soluble tubulin heterodimers, and this activity is separable from the binding of Ska1 to
the cylindrical microtubule lattice (Figure 3D).
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Figure 3. The Ska1 microtubule binding domain uses multiple distinct surfaces to
interact with tubulin. A. Left: Schematic of the human Ska1 complex highlighting the
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location of the Ska1 microtubule binding domain within the complex, and within the
Ska1 protein. Right: Structure of the human Ska1 microtubule binding domain
(4C9Y.pdb) (Abad et al., 2014) showing the locations of the indicated residues targeted
for mutational analysis. B. Coomassie-stained gels showing the pellet fractions from
representative co-sedimentation assays for the binding of the indicated Ska1
microtubule binding domain mutants to either microtubule polymers, dolastatin-induced
rings, or soluble tubulin dimer. For microtubules and dolastatin-induced rings,
quantifications indicate the percentage of MTBD bound to the substrate for 2
experiments, with the mean + SD shown. For tubulin, the quantification indicates the
percentage of tubulin in the pellet for 7 independent experiments, with the mean + SD
shown. See Figure 4A for the Coomassie-stained gels of the supernatant fractions. C.
Coomassie-stained gels of the size exclusion chromatography fractions for binding of
the Ska1 MTBD and mutants to an RB3-SLD-tubulin complex. The gel for wild type
MTBD is duplicated from Figure 1F. RB3-SLD-tubulin peak fractions (see Figure 1F) are
shown for each of the Ska1 MTBD mutants. Quantifications indicate the amount of Ska1
MTBD co-eluting with RB3-SLD relative to wild type for 2 experiments, with the mean +
SD shown. All mutants show reduced or eliminated binding to RB3-SLD-tubulin. D.
Table summarizing the binding data from this figure.
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Figure 4. Analysis of Ska1 MTBD binding to an RB3-SLD-tubulin complex by size
exclusion chromatography. A. Coomassie-stained gels of the corresponding
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supernatant fractions for the co-sedimentation assays shown in Figure 3B. B.
Coomassie-stained gels of the size exclusion chromatography fractions for binding of
the Ska1 MTBD and mutants to an RB3- SLD-tubulin complex. The gels in the left
column are reproduced from Figure 3C, and wild type is additionally reproduced from
Figure 1F, but here, as in Figure 1F, show the fractions from all three peak regions of
interest. The right column shows the gels of the equivalent peak fractions from an
experimental replicate of each binding experiment. C. Coomassie-stained gels showing
the supernatant (S) and pellet (P) fractions from co-sedimentation assays for the
binding of wild type or K183A K184A Ska1 complex to either microtubule polymers or
dolastatin-induced rings (left gel), or soluble tubulin dimer (right gel). The gel on the
right additionally has the supernatant and pellet fractions for wild type Ska1 sedimented
in the absence of any tubulin substrate. D. Coomassie-stained gel for the size exclusion
chromatography fractions analyzing K183A K184A Ska1 complex with RB3-SLD-tubulin
complex. Ska1 complex and RB3-SLD-tubulin elute as partially overlapping, but distinct
peaks (as labeled beneath the gel) indicating that, unlike wild type Ska1 complex, this
mutant complex does not robustly associate with RB3-SLD-tubulin.
The Ska1 complex tracks with both depolymerizing and elongating microtubule
plus ends
We next sought to test the behavior of the Ska1 complex in the presence of dynamic
microtubules. We demonstrated previously that the Ska1 complex is able to track with
the depolymerizing microtubule end in vitro following induced depolymerization by
ablation of a stabilizing microtubule cap (Schmidt et al., 2012). To test Ska1 interactions
with dynamically growing and shrinking microtubules, here we utilized GMPCPPstabilized microtubule seeds attached to a coverslip and altered the concentration of
soluble tubulin to promote either microtubule depolymerization or elongation (Figure 5A;
see Method Details). We observed binding and diffusion of GFP-labeled wild type Ska1
complex on the GDP-containing microtubule lattice (Figure 5B), as well as an
enrichment of diffusing Ska1 complexes on the GMPCPP-containing microtubule seed
(Figures 6A and 6B). Consistent with our prior work (Schmidt et al., 2012), when
microtubule depolymerization was induced by the removal of soluble tubulin, the Ska1
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complex showed an enrichment at the shortening microtubule ends. At low Ska1
complex concentration, we observed that individual molecules associated with and
tracked the microtubule plus end only briefly, indicating that this tracking is not highly
processive (Figure 5B). Additionally, although work from others has not detected plus
end tracking of elongating microtubules by the Ska1 complex (Maciejowski et al., 2017),
we observed a notably increased brightness for GFP-Ska1 complex fluorescence at
growing microtubule ends (Figures 5B and 6C) indicative of plus end tracking with
microtubule polymerization.
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Figure 5. In vitro analysis of Ska1 interactions with dynamic microtubules. A.
Schematic of the in vitro TIRF assay to visualize Ska1 complex associations with
dynamic microtubules. B. Representative kymographs of GFP-Ska1 complexes on
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elongating and depolymerizing microtubules, as visualized with GFP fluorescence.
Vertical scale bar is 30 s, horizontal - 2 µm; microtubule plus ends point to the right.
Enlarged images are shown for the green, yellow and blue boxed regions. The
kymograph on the right of the depolymerization panel is an equivalently enlarged region
from a distinct microtubule. All enlargements shown were chosen to highlight Ska1
complex diffusion near the elongating and depolymerizing ends, their encounter with
ends, and brief tracking. For the enlargements, the vertical scale bar is 3 s, horizontal 2 µm. C. Representative kymographs of the indicated GFP-Ska1 complexes on
polymerizing microtubules. Tracking by wild type Ska1 appears as an almost continuous
bright line because at this time scale, individual complexes cannot be discriminated.
Microtubule plus ends point to the right. Percent of microtubules (mean ± SD) that
display Ska1 complex tip-tracking is shown below each kymograph. Data are based on
≥ 38 microtubules for each protein. D. Representative kymographs of the indicated
GFP-Ska1 complexes on depolymerizing microtubules. Microtubule plus end points to
the right. Percent of microtubules (mean ± SD) that display Ska1 complex tip-tracking is
shown below each kymograph. Data are based on ≥ 29 microtubules for each protein. **
for the K183A K184A mutant indicates that this mutant shows a similar percentage of
microtubules that display tracking, but the tracking signal is less robust relative to the
wild type Ska1 complex. Vertical scale bar is 20 s, horizontal - 1 µm.
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Figure 6. Analysis of Ska1 complex microtubule binding and tracking behavior. A.
Representative fluorescent images of GFP-Ska1 complexes (green) decorating
depolymerizing microtubules. “GDP-lattice” is a microtubule polymerized with GTP and
Hilyte647–labeled tubulin (red). Asterisks mark the GMPCPP-seed containing DIGlabeled, but not fluorescent, tubulin. Ska1 decoration is stronger at the seed and
microtubule plus tips, while individual wall-binding Ska1 complexes are also detected on
the GDP-lattice. Scale bar, 5 µm. B. Representative kymographs showing a
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depolymerizing microtubule with low Ska1 decoration (10 nM soluble concentration).
Under these conditions, the Ska1 diffusion occurs on the seed with a constrain at the
seed borders, while the Ska1 tracking of the depolymerizing microtubule end is not
visible. Vertical scale bar is 10 s, horizontal is 3 µm. In the enlarged images (yellow and
blue boxes), the vertical scale bar is 3 s, horizontal is 3 µm. C. Representative
kymograph showing association of GFP-Ska1 complexes on a single microtubule as it
undergoes both elongation and then spontaneous depolymerization in the presence of
soluble tubulin, as visualized with GFP fluorescence. Microtubule plus ends point to the
right. D. Graph showing individual microtubule polymerization rates with or without GFPSka1 complexes with the mean +/- SEM for each complex. Data are based on ≥ 37
microtubules for each complex. E. Quantification of the duration of observed tip tracking
events for the GFP-Ska1 complex on elongating or depolymerizing microtubules. F.
GFP brightness of the GDP-microtubule lattice decorated with the indicated GFP-Ska1
constructs on elongating or depolymerizing microtubules. Data are based on ≥29
microtubules for each Ska1 construct. The whiskers box plot shows the median, the
25th/75th percentile, and minimum/maximum range. The difference in wall decoration
between each pair is not significant (p=0.1346, one-way ANOVA test), confirming that
differences in tip tracking behavior were not due to variability in the microtubule wall
affinity.
Diverse plus tip tracking proteins associate with elongating microtubules in cells,
but most of these represent “hitchhiker” molecules that associate with microtubule ends
through the EB family of proteins, rather than acting as “autonomous tip trackers”
(Akhmanova and Steinmetz, 2015). Although the Ska1 complex has been proposed to
interact with EB1 (Thomas et al., 2016), our results indicate that the Ska1 complex is
capable of EB1-independent tracking of polymerizing microtubules in vitro. The ability of
the Ska1 complex to bind to soluble tubulin and track elongating microtubule plus ends
is reminiscent of the autonomously tracking microtubule polymerase XMAP215
(Brouhard et al., 2008). However, unlike XMAP215, the addition of Ska1 complex did
not significantly change the microtubule polymerization rate (Figure 6D). Imaging at a
high frame rate revealed that the enrichment of Ska1 complex fluorescence at the
dynamic microtubule end persisted for an average of ~1 second on growing
microtubules, similar to the tracking behavior detected on shrinking microtubules (Figure
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6E). Thus, the Ska1 complex is an autonomous microtubule tip tracking protein with the
ability to remain associated with both polymerizing and depolymerizing microtubule plus
ends. This property has not been reported for other human kinetochore-localized
microtubule-associated proteins (Grishchuk, 2017), highlighting Ska1 as an important
player for kinetochore tracking of microtubule ends.

Ska1 mutants defective in soluble tubulin binding show reduced microtubule endtracking behavior in vitro
We next tested mutant Ska1 complexes containing a subset of the mutations
characterized above that prevented MTBD-induced tubulin oligomerization and
represent each of the distinct surfaces on the Ska1 MTBD (K183A K184A, K223A
K226A, R155A, and R236A; Figure 3A). Based on fluorescent decoration along the
entire microtubule polymer, each complex displayed similar binding to the microtubule
lattice (Figure 6F). However, some mutants required a 2-3-fold increased concentration
of GFP-Ska1 complex to achieve a similar level of microtubule decoration (see Method
Details), indicating a slightly reduced affinity for microtubules, in agreement with the cosedimentation assays described above.
Strikingly, we found that all four Ska1 mutant complexes failed to track with the
plus end of elongating microtubules (Figure 5C), despite associating with the
microtubule lattice. As we observed for the wild type Ska1 complex, the microtubule
polymerization rate in the presence of the mutant complexes was unchanged (Figure
6D). These mutants additionally displayed defects in associating with depolymerizing
microtubules. Three of the mutant Ska1 complexes tested (K223A K226A, R155A, and
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R236A) failed to exhibit tip tracking as evidenced by the lack of enhanced brightness at
the shortening microtubule ends (Figure 5D). The Ska1 K183A K184A mutant complex
did display increased GFP-intensity at the depolymerizing microtubule end relative to
the adjacent microtubule lattice. However, the tracking for this mutant appeared less
robust and persistent relative to the wild type Ska1 complex as judged by the brightness
and continuity of the tracking signals (Figure 5D). These data indicate that multiple,
distinct, positively-charged tubulin interaction surfaces on the Ska1 microtubule binding
domain contribute to robust association with dynamic microtubule ends.

Multi-faceted

Ska1-tubulin

binding

contributes

to

proper

chromosome

segregation
Prior work has examined the cellular consequences of Ska1 mutants with severely
compromised microtubule binding activity (Schmidt et al., 2012; Abad et al., 2014). In
contrast, the mutations characterized here disrupt soluble tubulin interactions and
microtubule tracking without eliminating binding to the microtubule lattice. To test the
effects of these precise mutations on kinetochore function and chromosome
segregation, we next utilized an inducible CRISPR/Cas9-based replacement strategy in
human HeLa cells (McKinley and Cheeseman, 2017). Consistent with prior RNAi-based
studies (Hanisch et al., 2006; Daum et al., 2009; Gaitanos et al., 2009; Welburn et al.,
2009; Schmidt et al., 2012; Abad et al., 2014; Sivakumar et al., 2016; Auckland et al.,
2017), induction of the Cas9 nuclease in cells constitutively expressing a guide RNA
(sgRNA) targeting Ska1 resulted in severe defects in chromosome alignment and
mitotic progression that could be rescued by expression of a guide resistant version of
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GFP-Ska1 (Figures 7A-D; (McKinley and Cheeseman, 2017)). In agreement with our
prior work (Schmidt et al., 2012), we found that the microtubule binding domain of Ska1
was required to fully rescue the loss of endogenous Ska1, as knockout of Ska1 in cells
expressing GFP-Ska1 ∆MTBD (lacking residues 132-255) resulted in a mitotic delay
and chromosome alignment defects (Figures 7A-D).
We next tested the consequences of expressing the four Ska1 mutants analyzed
in the microtubule tip-tracking assay (K183A K184A, K223A K226A, R155A, and
R236A; Figure 8A). In contrast to Ska1 ∆MTBD, which does not localize to spindle
microtubules, all four mutants displayed detectable localization to microtubules, in
addition to their kinetochore localization (Figure 7B). Interestingly, none of these
mutants were able to fully compensate for the loss of endogenous Ska1, as evidenced
by increased chromosome alignment defects (Figure 7C) and a mitotic delay (Figures
7D and 8B). However, these defects were generally not as severe as those observed
for Ska1 ∆MTBD (Figures 7C, 7D, and 8B). Based on the ability of these mutants to
localize to kinetochores (Figure 7B) and associate with microtubules in vitro (Figures 3B
and 6F) and in cells (Figure 7D), it is tempting to speculate that the observed mitotic
defects are the result of a reduced ability of these mutants to track dynamic
microtubules.
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Figure 8. Cellular analysis of Ska1 microtubule binding domain mutants. A.
Western blot of the indicated cell lines before induction with doxycycline showing
expression levels of each of the Ska1 constructs. B. Table showing the p values for the
differences in mitotic timing from a statistical comparison of the indicated conditions
based on unpaired t tests (based on the experiments in Figure 7C). Green values
indicate statistical significance (p<0.05). C. Western blot demonstrating the absence of
detectable endogenous Ska1 in the stable ΔMTBD replacement cell line. Uninduced
parental Ska1 iKO cells were analyzed in a dilution series to determine the threshold
where Ska1 can no longer be detected. Asterisks denote non-specific bands. D.
Quantification of the mitotic defects in the stable ΔMTBD replacement cell line. The
uninduced (Control), Ska1 iKO and ΔMTBD 4-day data are reproduced from Figure 7C
for comparison. n=100 cells/condition E. Quantification of mitotic duration (chromosome
condensation to anaphase onset; mean +/- standard deviation) in the stable ΔMTBD
replacement cell line (n=15). The uninduced (Control), Ska1 iKO and ΔMTBD 4-day
data are reproduced from Fig. 7D.
Intriguingly, we note that we were able to isolate a viable stable cell line
expressing Ska1 ∆MTBD, but apparently lacking endogenous Ska1 (Figure 8C; see
Method Details). When compared to Ska1 ∆MTBD-expressing cells 4 days after
induction of the Ska1 knockout, this stable cell line displayed similar defects in
chromosome alignment and mitotic progression (Figures 8D and 8E), suggesting that
the viability of the Ska1 ∆MTBD stable replacement cell line is not due to long term
adaptation to the loss of endogenous Ska1. Therefore, although the Ska1 microtubule
binding domain is not essential for viability in cell culture, it is required for efficient
chromosome alignment and timely cell division, both of which critically depend on
optimal kinetochore-microtubule interactions.
Together, our data indicate that multiple surfaces on the Ska1 microtubule
binding domain are required for associations with soluble tubulin, bi-directional
microtubule tip tracking activity in vitro, and optimal mitotic progression in cells.

Ska1 uses multiple distinct surfaces to interact with microtubules
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Our work demonstrates that the Ska1 complex is able to associate with and
autonomously track both depolymerizing ((Schmidt et al., 2012); Figure 5B) and
polymerizing (Figure 5B) microtubules. This contrasts with other key components of the
kinetochore-microtubule interface, such as the Ndc80 complex, which at a single
molecule level fails to associate with dynamic microtubule tips (Lampert et al., 2010;
Schmidt et al., 2012). Defining the mechanistic basis for the tip-tracking ability of the
Ska1 complex and its contribution to the kinetochore-microtubule interface are important
goals. Importantly, our work reveals several properties of the Ska1 microtubule binding
domain that may contribute to its tip-tracking activity and interactions with microtubule
ends at mitotic kinetochores. First, we find that Ska1 is able to interact with diverse
tubulin substrates, including the cylindrical microtubule lattice, protofilament-like tubulin
structures, soluble tubulin heterodimer, and an RB3-tubulin complex (Figure 3). Second,
we identify an involvement of diverse surfaces of the Ska1 MTBD in tracking with
dynamic microtubules in vitro (Figure 5), suggesting the potential for heterogeneity in
the conformation with which Ska1 binds microtubules, consistent with prior crosslinking
analyses (Abad et al., 2014). The absence of a specific conformation by which the Ska1
MTBD interacts with the microtubule further contrasts it with the highly stereotypical
binding displayed by the Ndc80 complex ((Alushin et al., 2010; Wilson-Kubalek et al.,
2016); also see (Abad et al., 2014)).
The tubulin-binding properties that we have identified here likely facilitate the
association of Ska1 with dynamic microtubule ends, a key requirement at kinetochores
(Grishchuk, 2017). For example, we speculate that instead of “hopping” between
specific binding sites on the tubulin subunits within the microtubule lattice in a manner
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that is susceptible to the loss of an interaction, the Ska1 microtubule binding domain
could “roll” by simultaneously or sequentially engaging multiple surfaces of the Ska1
MTBD and tubulin to maintain their association. This mode of motility is consistent with
the lack of a specific or regular microtubule-binding orientation for the Ska1 complex as
observed by electron microscopy (Figure 2A; (Welburn et al., 2009; Schmidt et al.,
2012; Wilson-Kubalek et al., 2016)). We note that a structurally unrelated microtubulebinding protein KLP10-A, a kinesin-13 family member, has also been suggested to
diffuse along the microtubule lattice by engaging multiple, distinct microtubule-binding
surfaces (Chatterjee et al., 2016). Finally, our cellular analysis suggests that Ska1mediated tip tracking likely contributes to proper cell division. Thus, the features and
properties of the Ska1 microtubule binding domain defined here contribute to its roles at
the kinetochore-microtubule interface. In addition, although the Ska1 MTBD is
necessary and sufficient for Ska1 complex microtubule binding and spindle localization
(Schmidt et al., 2012), we note that recent work has also suggested a contribution to
microtubule interactions from Ska3 (Abad et al., 2016). Ultimately, these activities must
be regulated (Redli et al., 2016; Maciejowski et al., 2017; Zhang et al., 2017) and
integrated with other players at the kinetochore, including the Ndc80 complex (Schmidt
et al., 2012; Cheerambathur et al., 2017; Janczyk et al., 2017), to ensure faithful
chromosome segregation during every cell division.
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Experimental Procedures
Experimental Model and Subject Details
All HeLa (female cervix adenocarcinoma cells, not authenticated) lines used in this
study were cultured in Dulbecco's modified Eagle medium supplemented with 10%
tetracycline-free fetal bovine serum, 100 units/mL penicillin, 100 units/mL streptomycin,
and 2 mM L-glutamine at 37°C with 5% CO2.
All recombinant protein expression was performed in BL21 (DE3) E. coli.

Molecular Biology
E. coli expression vectors for human Ska1 MTBD, C. elegans SKA-1 MTBD, and the
polycistronic vector containing human GFP-Ska1 and human Ska2 were described in
(Schmidt et al., 2012). Human Ska3 was described in (Welburn et al., 2009). Human
His-TEV-Ska1 and human Ska2 was cloned into pST39. The stathmin-like domain
(SLD) of RB3 was generated by cloning into pBAT4 the cDNA encoding residues 49189 with an additional alanine at its N-terminus and, at its C-terminus, a GGSG linker
followed by a 6xHis tag. GFP-tagged Ska1 and Ska1 ∆MTBD for expression in human
cells were described in (Schmidt et al., 2012) and here mutated by site-directed
mutagenesis to harden against CRISPR-Cas9 by introducing the maximal number of
basepair changes within the sequence recognized by the guide RNA while maintaining
the amino acid sequence. Mutations in human Ska1 MTBD and human GFP-Ska1
complex were introduced by site-directed mutagenesis.
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Protein Purification
All protein expression was done in BL21(DE3) E. coli. For purification of ceSKA-1
MTBD, human Ska1 MTBD and variants, expression was induced using 0.1 mM IPTG
overnight at 18°C. Cells were lysed and sonicated in 50 mM potassium phosphate
(KPi), 300 mM NaCl, 10 mM imidazole, 0.1% TWEEN 20, pH 8.0 (His lysis buffer).
Cleared supernatant was incubated with Ni-NTA agarose (Qiagen) for 1 hr at 4°C,
washed three times with 50 mM KPi, 500 mM NaCl, 40 mM imidazole, 0.1% TWEEN
20, 5 mM beta-mercaptoethanol (βME), pH 8.0 (His wash buffer), followed by elution
with 50 mM KPi, 500 mM NaCl, 250 mM imidazole, 5 mM βME, pH 7.0 (His elution
buffer). The eluted protein was supplemented with PreScission protease at 4°C
overnight to remove the 6x-His tag, and purified on a Superdex 200 16/600 column in
20 mM HEPES, 150 mM KCl, 1 mM DTT, pH 7.0 (Gel filtration buffer). Gel filtration
fractions were concentrated in a Vivaspin 3 kDa MWCO spin concentrator (GE
Healthcare).
For purification of untagged Ska1 complex (used in Figures 1D, 2C, 4C, and 4D),
all cultures were induced using 0.4 mM IPTG for 4 hours at 37°C. His-Ska1 complexed
with Ska2 was purified by the same protocol used for Ska1 MTBD. The eluted protein
was supplemented with TEV protease at 4°C overnight to remove the 6x-His tag, and
purified on a Superdex 200 16/600 column in Gel filtration buffer. Gel filtration fractions
were concentrated in a Vivaspin 10 kDa MWCO spin concentrator (GE Healthcare).
Bacteria expressing GST-Ska3 were lysed and sonicated in PBS, 250 mM NaCl, 0.1%
TWEEN 20 (GST lysis buffer). Cleared supernatant was incubated with glutathione
agarose (Sigma Aldrich) for 1 hr at 4°C, washed three times with GST lysis buffer
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supplemented with 1 mM DTT (GST wash buffer), and eluted with 50 mM Tris, 75 mM
KCl, 10 mM reduced glutathione, pH 8.0 (GST elution buffer). The eluted protein was
supplemented with PreScission protease at 4°C overnight to remove the GST tag, and
purified on a Superdex 200 16/600 column in Gel filtration buffer. Ska3 containing
fractions were passed back over glutathione agarose, concentrated in a Vivaspin 10
kDa MWCO spin concentrator (GE Healthcare), and mixed equimolar with purified
Ska1-Ska2, incubated on ice for 30 min and the resulting complex was purified on a
Superdex 200 16/600 column in Gel filtration buffer. Gel filtration fractions were
concentrated in a Vivaspin 50 kDa MWCO spin concentrator (GE Healthcare).
For purification of His-Ska1 complex (used in Figures 2A and 2B) and His-GFPSka1 complex and variants (used in Figures 5 and 6), all cultures were induced using
0.1 mM IPTG overnight at 18°C. His Ska1-Ska2 and His-GFP-Ska1-Ska2 were purified
with the same protocol used for Ska1 MTBD, without removal of the 6x-His tag. Bacteria
expressing GST-Ska3 was lysed, sonicated, bound to beads and washed identically to
the Ska3 purification above. Eluted His-Ska1-Ska2 or His-GFP-Ska1-Ska2 was then
added to the glutathione bound GST-Ska3 and incubated at 4°C for 1 hour. The bound
complex was washed with GST wash buffer and eluted by cleaving GST-Ska3 off of the
beads with PreScission protease at 4°C overnight. The eluted complex was purified on
a Superdex 200 16/600 column in gel filtration buffer and concentrated in a Vivaspin 50
kDa MWCO spin concentrator (GE Healthcare).
RB3-SLD was induced using 0.4 mM IPTG for 4 hours at 37°C and purified by
the same His-tagged purification strategy used for Ska1 MTBD described above. The
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Ni-NTA eluate was desalted on a NAP-5 column (GE Healthcare) into BRB80 and
concentrated in a Vivaspin 3 kDa MWCO spin concentrator (GE Healthcare).

Co-sedimentation Assays
GMPCPP-stabilized microtubules were generated by incubating 25 µM tubulin dimer
(Cytoskeleton) with 500 µM GMPCPP (Jena Bioscience) at 37°C for 1 hr. Dolastatin-10induced rings were generated by incubating 25 µM tubulin dimer in BRB80 (80 mM
PIPES, pH 6.8, 4 mM MgCl2, and 1 mM EGTA) and 100 µM dolastatin-10 (provided by
the Drug Synthesis and Chemistry Branch, Developmental Therapeutics Program,
Division of Cancer Treatment and Diagnosis, National Cancer Institute) for 1 hr at room
temperature. Microtubules and rings were purified by pelleting through a cushion of
BRB80 with 40% glycerol for 10 min at 80000 rpm at room temperature and
resuspended in BRB80. The concentration of microtubules was determined by
measuring the absorbance at 280 nm after depolymerizing an aliquot of the
microtubules in BRB80 + 10 mM CaCl2 on ice for 15 minutes. The concentration of
dolastatin rings was determined by Coomassie staining relative to a standard curve of
tubulin on the same gel. For the tubulin assembly assays, soluble tubulin heterodimer
was pre-cleared at 90000 rpm before mixing with the test protein. Co-sedimentation
assays were conducted as described previously (Cheeseman et al., 2006; Schmidt et
al., 2012). Briefly, 10 µM Ska1 MTBD was mixed with 10 µM of the appropriate tubulin
substrate at room temperature and sedimented through a 40% glycerol cushion in
BRB80 for 10 min at 80000 rpm. Coomassie gels are stained with AcquaStain (Bulldog
Bio). Scanned gels were converted to grayscale in Adobe Photoshop and band
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intensities were quantified in Image Studio Lite. The graphs, generated in GraphPad
Prism, display the percentage of Ska1 MTBD or tubulin pelleted, as determined by
dividing the intensity of the pellet sample by the total intensity of the supernatant and
pellet for each MTBD construct.

Size Exclusion Chromatography Assays
RB3-SLD and tubulin heterodimer were mixed at a 1:2 molar ratio and incubated on ice
for 1 hour. For the right panel of Figure 2C, ~30% less tubulin was incubated with RB3SLD to limit the concentration of fully saturated tubulin-bound RB3-SLD. In all
experiments, Ska1 MTBD or Ska1 complex was then added in an approximately
equimolar ratio to RB3-SLD, with the final salt concentration of the reaction being 85
mM KCl. The samples were incubated on ice for an additional 30 minutes, spun at
13,000 rpm for 10 min, and loaded on a Superdex 200 3.2/300 column on an Akta Micro
in 20 mM HEPES, 75 mM KCl, 1 mM DTT, pH 7.0. Peak elution fractions were analyzed
on polyacrylamide gels stained with AcquaStain. Scanned gels were converted to
grayscale in Adobe Photoshop and band intensities were quantified in Image Studio
Lite. For each Ska1 MTBD construct, the intensity of the Ska1 MTBD was measured for
each of the 4 peak RB3-SLD-tubulin fractions (the fractions displayed in Figure 3C). The
sum of these intensities was divided by the sum of the RB3-SLD intensities in these
lanes to correct for differences in RB3-SLD-tubulin concentrations in each experiment.
The graphs display these RB3-SLD normalized intensities as percentages relative to
wild type Ska1 MTBD.
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Electron Microscopy
Bovine brain microtubules were prepared by polymerizing 5 mg/ml bovine brain tubulin
(Cytoskeleton, Inc.) in polymerization buffer (80 mM PIPES, pH 6.8, 1 mM EGTA, 4 mM
MgCl2, 2 mM GTP, 12% dimethyl sulfoxide) for 30 min at 36º C. Paclitaxel was added at
250 µM before further incubation of 30 min at 36ºC. The polymerized microtubules were
then incubated at room temperature for several hours before use. The C. elegans SKA1 MTBD (13 µM) was mixed with 1 µM microtubules in BRB80 and after a 10 min
incubation the sample were adsorbed to glow-discharged 400-mesh C-flat grids
(Electron Microscopy Sciences, Hatfield, PA) containing 2.0-µm holes separated by 2.0µm spacing. The cryosamples were prepared using a manual plunger. Images were
acquired using a K2 direct detector (Gatan, Pleasanton, CA) and the Tecnai F-20
microscope (FEI, Hillsboro, OR). Selected segments from 45 images were processed
using a single-particle approach and the iterative helical real-space reconstruction
procedure (Egelman, 2007) with multimodel projection matching of microtubules with
various numbers of protofilaments (Alushin et al., 2014). The rings around the
microtubules were not stacked in an ordered manner (Figure 1B), preventing us from
constructing a high-resolution map. However, we were able to obtain a low-resolution
reconstruction from selected segments of microtubules belonging to the 13
protofilament family. UCSF Chimera (Pettersen et al., 2004) was used to display the 3D reconstruction.
To obtain ring-like structures with unpolymerized tubulin, bovine or porcine brain
tubulin were mixed in equimolar ratios (1:1 with 1-20 µM of each component) with C.
elegans Ska1 MTBD, human Ska1 MTBD or human Ska1 complex in BRB80 and
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incubated for 5-10 min. The sample was then adsorbed for 1 min onto carbon coated
glow-discharged grids before blotting and negatively stained with 1% uranyl acetate.
Images were acquired on a FEI Tecnai T12 Transmission Electron Microscope (TEM),
using a 4K X 4K Teitz F416 camera.

Cell Culture and Cell Line Generation
Generation of the Ska1 CRISPR/Cas9-based inducible knockout cell line was described
in (McKinley and Cheeseman, 2017). Cells expressing guide resistant GFP-Ska1
constructs were generated by retroviral infection of the Ska1 inducible knockout cell line
and sorted for clonal cell lines. Although the mutants are more highly expressed than
endogenous Ska1, they display roughly similar expression levels to each other (see
Figure 8A). To induce the knockout, cells were dosed with 1 µg/mL doxycycline at 0, 24
and 48 hrs and assayed at 96 hours (4 days). To generate the stable replacement Ska1
∆MTBD cell line, single cell sorting was performed on the fourth day and clonal
populations were screened by fluorescence microscopy to verify proper localization of
the transgene, Western blot to verify loss of the endogenous protein, and genomic
sequencing to confirm the presence of Cas9 induced frameshift mutations.
For Western blotting, cell pellets were incubated on ice for 25 min in urea lysis
buffer (50 mM Tris, 150 mM NaCl, 0.5% NP-40, 0.1% SDS, 6.5 M urea, pH 7.5
supplemented with 1 mM PMSF, and Complete EDTA-free protease inhibitor cocktail
(Roche). Following size separation on a 12% SDS-PAGE gel, samples were semi-dry
transferred to nitrocellulose and blocked for 30 min in 5% skim milk power in TBS +
0.1% Tween-20 (Blocking buffer). Primary and secondary antibodies were diluted in
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blocking buffer. The Ska1 antibody was described in (Welburn et al., 2009) and used at
1 µg/mL. DM1A (Sigma Aldrich) was used at 1:5,000. HRP conjugated secondary
antibodies (GE Healthcare) were used at 1:10,000. All antibody incubations were
performed at room temperature for 1 hour. Clarity (Bio-Rad) was used as the ECL
substrate.
To assess the genomic locus in the stable Ska1 ∆MTBD replacement cell line,
genomic DNA was extracted by lysing the cell pellet in 100 mM Tris, 5 mM EDTA, 200
mM NaCl, 0.2% SDS, pH 8.0, supplemented with Proteinase K (New England Biolabs)
at a final concentration of 0.2 mg/mL at 55°C overnight. DNA was precipitated with
isopropanol, washed with 75% ethanol and resuspended with TE buffer. PCR primers
were designed to bind within the introns surrounding the Ska1 sgRNA target site (5’gtacggtaccgtggttagaaac-3’ and 5’-cgttatgcaaaaatctaaaattacctaag-3’ to amplify a 402
nucleotide region centered on the on the sgRNA target site or 5’-gattacctgggcccatttctt-3’
and 5’-cattaaggaacgcatgactgt-3’ to amplify an 806 nucleotide region centered on the
sgRNA target site). The PCR products were run on an agarose gel for gel purification.
For both sets of primers, the only detectable product was a single band of the expected
size. Gel purified PCR products were cloned into pCR4-TOPO using the TOPO TA
Cloning Kit For Sequencing (Invitrogen). Following transformation of the TOPO reaction
product, plasmid DNA was isolated from single bacterial colonies by miniprep and the
region of the plasmid containing the insert was sequenced by Sanger sequencing. A
total of 23 independent plasmids were sequenced from 2 different preparations of the
genomic DNA, each of which displayed the same deletion spanning nucleotides 9-16 of
exon 1, resulting in a frameshift and a protein product predicted to terminate after the
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addition of 7 new amino acids. The absence of any wild type sequences or in-frame
deletions/insertions supports the Western blot data indicating a lack of detectable
endogenous Ska1 protein.

Fluorescence Microscopy in Cells
For immunofluorescence, cells were fixed with 3.7% formaldehyde in PHEM buffer.
Microtubules were visualized using 1:3,000 DM1A (Sigma Aldrich) and centromeres
were visualized using 1:300 anti-centromere antibody (ACA). DNA was visualized with
100 ng/ml Hoechst-33342 (Sigma Aldrich). Images were acquired on a DeltaVision Core
deconvolution microscope (Applied Precision/GE Healthsciences) equipped with a
CoolSnap HQ2 CCD camera with a 100x 1.40 NA Olympus U-PlanApo objective.
Images were deconvolved and maximally projected. For time-lapse microscopy, the
media was changed to CO2-independent media prior to imaging and imaging was
performed at 37°C. 3 Z-sections were acquired with 5 µm spacing using fluorescent light
at the lowest level usable for data collection. Images were collected at 5-min intervals
for 12 hrs using a using a 40x, 1.35-NA U-PlanApo objective (Olympus).

In Vitro Microtubule Motility Assays
Tubulin was purified and labeled as in (Hyman et al., 1991; Miller and Wilson, 2010).
Microtubule seeds were prepared from a mixture containing 7 parts of unlabeled tubulin
and 3 parts of DIG-labeled tubulin supplemented with 1 mM GMPCPP (Jena
Bioscience). Flow chambers were prepared as in (Volkov et al., 2014) using silanized
coverslips and double stick tape, then anti-DIG antibodies (Roche Applied Science)
were adsorbed to the coverslip and the surface was blocked with 1% Pluronic F127.
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Dynamic microtubules were polymerized from these seeds by adding 5 µM tubulin
mixture containing 10 parts of unlabeled tubulin and 1 part of Hilyte647-labeled tubulin
supplemented with 1 mM Mg-GTP. To test tip tracking on elongating microtubules, wild
type GFP-Ska1 was introduced at 10-25 nM and molecular motions were observed at
32°C in imaging buffer, which in addition to soluble tubulin and Mg-GTP contained 80
mM K-PIPES (pH 6.9), 1 mM EGTA, 4 mM MgCl2, 4 mg/ml BSA, 10 mM DTT, 6 mg/ml
glucose, 80 µg/ml catalase, 0.1 mg/ml glucose oxidase. To examine tracking of
shortening microtubule ends, disassembly was induced by removing soluble tubulin with
imaging buffer containing GFP-Ska1 complex. Bi-directional tracking was also observed
on microtubules undergoing spontaneous dynamic instability in the presence of soluble
tubulin (Figure 6C). Some experiments were done in the presence of 0.5% of methyl
cellulose to reduce microtubule thermal motions and improve resolution of single
molecule motions. This modification did not affect the tip-tracking by Ska1, so results
with and without methyl cellulose were combined. Experiments with wild type and
mutant Ska1 complexes were done analogously by using 10-30 nM R155A, 10-30 nM
R236A, 35-70 nM K223A K236A, and 35-85 nM K183A K184A. The number of
independent experiments for each Ska1 complex mutant was ≥2.
Microscopy for the in vitro assays was conducted as described in (Gudimchuk et
al., 2013). We used a 488 nm diode laser (Coherent) as a light source to excite GFP
fluorescence, and a CUBE 640 nm diode laser (Coherent) for Hilyte647. Imaging was
carried out in TIRF mode with 30 ms exposure and rapid switching between 488-nm
and 640-nm lasers via acousto-optical tunable filter (AA OPTO-ELECTRONIC). To
analyze tracking, the microtubule visible via Hilyte647 fluorescence was fitted with a
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straight line using Metamorph software (Molecular Devices, LLC). Because the position
of the dynamic microtubule can change due to thermal rotations, the width of the line
was varied to include microtubule images from all frames in the time series. The
microtubule-representing line was then transferred onto the GFP image, and the
kymograph was plotted along this line. The kymographs with a visually detectable
increase in GFP-intensity at the end of microtubule relative to the lattice were identified
as tip-tracking events (Figures 5C, 5D, and 6D). The mean and SD of the fraction of tip
tracking events were calculated in assumption of binomial probability distribution with n
equal to the total number of microtubules collected from n≥2 independent trials. The
intensity of GFP signal associated with the microtubule end was determined using
ImageJ by calculating mean pixel intensity along the straight line (2 px width) drawn
along the microtubule end in a kymograph. The lattice and background intensities were
calculated analogously by using the 2 px wide lines on the microtubule lattice and in the
microtubule-free area of the same kymograph. GFP brightness of the microtubule
(Figure 6E) was determined by calculating mean pixel intensity of the entire microtubule
lattice area on the kymograph, and subtracting the mean intensity of the similar
background area.
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Chapter III: Nde1 promotes diverse dynein functions through differential
interactions and exhibits an isoform-specific proteasome association
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Summary
Nde1 is a key regulator of cytoplasmic dynein, binding directly to both dynein itself and
the dynein adaptor, Lis1. Nde1 and Lis1 are thought to function together to promote
dynein function, yet mutations in each result in distinct neurodevelopment phenotypes.
To reconcile these phenotypic differences, we sought to dissect the contribution of Nde1
to dynein regulation and explore the cellular functions of Nde1. Here, we show that an
Nde1-Lis1 interaction is required for spindle pole focusing and Golgi organization, but is
largely dispensable for centrosome placement, despite Lis1 itself being required. Thus,
diverse functions of dynein rely on distinct Nde1- and Lis1-mediated regulatory
mechanisms. Additionally, we discovered a robust, isoform-specific interaction between
human Nde1 and the 26S proteasome and identify precise mutations in Nde1 that
disrupt the proteasome interaction. Together, our work suggests that Nde1 makes
unique contributions to human neurodevelopment through its regulation of both dynein
and proteasome function.
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Introduction
Cytoplasmic dynein is the primary cellular minus-end directed microtubule motor, and is
therefore a key contributor to diverse cellular processes (Kardon and Vale, 2009).
Spatial and temporal control of dynein function relies on its regulation by the noncatalytic subunits of the dynein complex, as well as adaptor proteins such as dynactin,
Lis1, and Nde1 (Kardon and Vale, 2009). Nde1 directly interacts with multiple subunits
of the dynein complex, as well as Lis1 (Bradshaw and Hayashi, 2017), and is thought to
help tether Lis1 to the dynein complex to facilitate dynein function (McKenney et al.,
2010, Wang and Zheng, 2011, Huang et al., 2012). However, the precise mechanisms
underlying Nde1-mediated regulation of diverse dynein functions remain unclear.
In humans, mutations in Nde1 result in severe reductions in brain size
(microcephaly) and neuronal lamination defects such as lissencephaly (Alkuraya et al.,
2011, Bakircioglu et al., 2011, Guven et al., 2012, Paciorkowski et al., 2013, Tan et al.,
2017). In contrast, mutations in Lis1 cause lissencephalic, but not microcephalic,
phenotypes (Dobyns and Das, 2009). Thus, neurodevelopment likely depends on the
coordinated activities of Nde1 and Lis1 in dynein regulation, as well as additional Lis1independent functions of Nde1. Humans ubiquitously express two alternative splice
isoforms of Nde1 throughout the brain that differ in their last exon: Nde1_SSSC and
Nde1_KMLL (named for their 4 C-terminal residues, see (Bradshaw et al., 2009).
Nde1_KMLL is the human homolog of the canonical mouse Nde1 isoform. In contrast,
Nde1_SSSC is generally considered the canonical human isoform, but is comparatively
recently evolved (Bradshaw et al., 2009, Mosca et al., 2017), having annotated
homologs only in a few species of primates and dog. Interestingly, knockout of Nde1 in
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mice does result in microcephaly, but the severity does not recapitulate the effect seen
in human patients (Bakircioglu et al., 2011), suggesting the possibility of human-specific
contributions from Nde1 to brain development.
Here, we use cell biological and biochemical approaches to probe the cellular
functions of human Nde1. First, we used a CRISPR/Cas9-based replacement assay to
robustly define the contribution of Nde1 to dynein regulation. Our analyses reveal that
the direct interactions between Nde1 and Lis1 or dynein differentially contribute to
diverse dynein activities. Thus, dynein regulation is achieved not simply by the presence
of particular adaptors, but instead by the specific intermolecular interactions utilized
within the dynein-adaptor complex. Second, we used mass spectrometry to broadly
explore Nde1 function and uncovered an interaction between the canonical human
Nde1 isoform and the 26S proteasome. Together, this work defines an additional role
for Nde1 in dynein regulation beyond its role in recruiting Lis1 and identifies a recently
evolved interaction between Nde1 and the proteasome in human cells.
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Results
Nde1 promotes diverse functions of cytoplasmic dynein
Nde1 binds directly to both dynein and Lis1 (Figure 1A) and prior work suggests that
Nde1 contributes to dynein regulation by helping recruit Lis1 to dynein (Wang and
Zheng, 2011, Huang et al., 2012). To test the contribution of the Nde1-Lis1 interaction
to diverse cellular functions of dynein, we utilized an inducible CRISPR/Cas9 system in
human cells. Because of the redundant roles of Nde1 and its paralog, NdeL1, in dynein
regulation in cell culture (Lam et al., 2010, Bolhy et al., 2011, Raaijmakers et al., 2013,
McKinley and Cheeseman, 2017), we simultaneously expressed single guide RNAs
(sgRNAs) targeting Nde1 and NdeL1 in cells containing Cas9 under the control of a
doxycycline-inducible promoter (McKinley and Cheeseman, 2017). Cas9 induction in
these cells resulted in multiple cellular defects. First, we observed an accumulation of
cells in mitosis due to a failure to generate a bipolar mitotic spindle. Instead, the
microtubules of the spindle were frequently unfocused (Figures 1B and 1C;
(Raaijmakers et al., 2013, McKinley and Cheeseman, 2017)). Despite these spindle
defects, the vast majority of prophase cells showed two clear foci of centrosome-derived
microtubule nucleation (data not shown) indicating that the resulting unfocused spindles
are not due to alterations in prophase centrosome numbers. However, the prophase
centrosomes were often mispositioned. Instead of being juxtanuclear, we observed an
increased incidence of centrosomes that were detached from the nuclear envelope
during prophase (Figures 1D and 1E; (Bolhy et al., 2011, Raaijmakers et al., 2013)).
Finally, we also observed defects in the organization of the Golgi apparatus during
interphase. In control cells, the Golgi are positioned adjacent to the nucleus and are
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relatively compact (Figures 1F and 1G). After knockout of Nde1 and NdeL1, the Golgi
are frequently fragmented and dispersed throughout the cell (Figures 1F and 1G; (Lam
et al., 2010)).
To compare these phenotypes to the effects of dynein depletion, we also
analyzed inducible knockout cells expressing an sgRNA targeting either dynein heavy
chain (DHC) or dynein intermediate chain (DIC). DHC contains the motor domain of the
dynein complex, and DIC is an additional dynein subunit that binds directly to Nde1
(Figure 1A; (Wang and Zheng, 2011)). Cas9 expression in these DHC or DIC inducible
knockout cells recapitulated all three phenotypes observed after knockout of Nde1 and
NdeL1 (Figures 1C, 1E, 1G, and 2A-C), consistent with Nde1/NdeL1 contributing to
dynein function in mitotic spindle organization, prophase centrosome placement and
Golgi organization.
Finally, we tested the requirement of Lis1 for dynein function using our inducible
CRISPR/Cas9 system. As we observed following loss of Nde1/NdeL1, we found that
eliminating Lis1 also caused defects in spindle pole focusing, centrosome placement,
and Golgi organization (Figures 1C, 1E, 1G, and 2A-C). Together, these results define a
requirement for Nde1/NdeL1, the cytoplasmic dynein complex, and Lis1 in bipolar
spindle assembly, centrosome positioning during prophase, and interphase Golgi
organization in human cells.
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Figure 1. Nde1 and NdeL1 regulate diverse dynein-dependent cellular processes
A. Cartoon of Nde1/NdeL1 illustrating interactions with Lis1 and the dynein heavy and
intermediate chains. B. Immunofluorescence images of DNA (Hoechst) and
microtubules (DM1A) for the indicated conditions, illustrating the spindle pole focusing
defects after elimination of Nde1 and NdeL1. Scale bar, 10 µm. C. Quantification of the
spindle pole focusing defects for the indicated conditions. The data represents the
replicate mean + SD. Each replicate included 100 cells. 3 replicates were analyzed for
all conditions, except Lis1 -/+ Dox where 5 replicates were analyzed. Statistical
significance was determined by two-tailed unpaired t tests. ****, P ≤ 0.0001; ***, P ≤
0.001; **, P ≤ 0.01. D. Immunofluorescence images of DNA (Hoechst, blue) and
microtubules (DM1A, green) for the indicated conditions illustrating the prophase
centrosome placement defects after elimination of Nde1 and NdeL1. Arrows indicate the
centrosomes, inferred by the foci of microtubule nucleation. Scale bar, 10 µm. E.
Quantification of centrosome-nucleus distances for the indicated conditions. The data
represents the mean distance for all measured centrosomes + SEM. Data were
combined from 3 replicates for each condition. Across all replicates, the following
number of centrosomes were analyzed: Nde1/NdeL1 iKO -/+ Dox – 150; DHC iKO -/+
Dox – 150; DIC iKO -/+ Dox – 140; Lis1 iKO -/+ Dox – 138. Statistical significance was
determined by two-tailed Mann-Whitney tests. ****, P ≤ 0.0001; *, P ≤0.05. F.
Immunofluorescence images of DNA (Hoechst, blue) and Golgi (GM130, green) for the
indicated conditions illustrating the Golgi organization defects after elimination of Nde1
and NdeL1. The yellow outline in the Golgi (GM130) panel indicates the region occupied
by the Golgi. Scale bar, 10 µm. G. Quantification of the area occupied by the Golgi,
measured in Metamorph, for the indicated conditions. The data represents the mean
area for all measured Golgi + SEM. Data were combined from 2-3 replicates for each
condition. Across all replicates, the following number of cells were analyzed:
Nde1/NdeL1 iKO - Dox – 351; Nde1/NdeL1 iKO + Dox – 236; DHC iKO - Dox – 257;
DHC iKO + Dox – 201; DIC iKO - Dox – 296; DIC iKO + Dox – 197; Lis1 iKO - Dox –
222; Lis1 iKO + Dox – 210. Statistical significance was determined by two-tailed MannWhitney tests. ****, P ≤ 0.0001.
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Figure 2. Diverse cellular defects result from loss of dynein or Lis1. A.
Immunofluorescence images of DNA (Hoechst) and microtubules (DM1A) for the
indicated conditions. Scale bar, 10 µm. B. Immunofluorescence images of DNA
(Hoechst, blue) and microtubules (DM1A, green) for the indicated conditions. Arrows
indicate the centrosomes, inferred by the foci of microtubule nucleation. Scale bar, 10
µm. C. Immunofluorescence images of DNA (Hoechst, blue) and Golgi (GM130, green)
for the indicated conditions. The yellow outline in the Golgi (GM130) panel indicates the
region occupied by the Golgi. Scale bar, 10 µm.
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Distinct dynein activities require different Nde1 interactions
To define the contribution of Nde1 to dynein regulation, we expressed wild type or
mutant versions of Nde1 that disrupt specific interactions (Figures 3A and 4;
(Derewenda et al., 2007, Wang and Zheng, 2011, Wang et al., 2013)) in the background
of our Nde1/NdeL1 inducible knockout cells. As expected given the functional
redundancy of Nde1 and NdeL1 in dynein regulation, expression of wild type Nde1
alone was able to fully rescue the spindle pole focusing, centrosome placement, and
Golgi organization defects of the Nde1/NdeL1 double knockout (Figures 3B-G).
Next, we analyzed the contribution of the Nde1-DIC and Nde1-Lis1 interactions
to spindle pole focusing. Although DIC is required for spindle pole focusing (Figures 1C
and 2A), the DIC binding mutant, Nde1E47A, largely restored the spindle defects of the
Nde1/NdeL1 double knockout (Figures 3B and 3C). In contrast, eliminating the Nde1Lis1 interaction by expressing Nde1E118A R129A resulted in severe spindle pole focusing
defects (Figures 3B and 3C). Thus, bipolar spindle assembly critically depends on an
Nde1-Lis1 interaction, but not an Nde1-DIC interaction, despite the important role for
DIC itself in this process.
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Figure 3. Distinct Nde1 interactions are required for different functions of dynein
A. Schematic of Nde1 depicting structural features, as well as mapped binding sites and
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key interaction residues for the indicated proteins (Yan et al., 2003, Tarricone et al.,
2004, Bradshaw et al., 2009, Wang and Zheng, 2011, Zylkiewicz et al., 2011, Soares et
al., 2012). The residues shown indicate the corresponding Nde1 residue number for
mutations defined in NdeL1. B. Immunofluorescence images of DNA (Hoechst),
microtubules (DM1A), and wild type (WT) or mutant GFP-Nde1 four days after Cas9
induction with doxycycline. Scale bar, 10 µm. C. Quantification of the spindle pole
focusing defects for the indicated conditions. The data for Nde1/NdeL1 iKO -/+ Dox are
duplicated from Figure 1C. The data represents the mean of 3 replicates + SD. Each
replicate included ≥ 15 cells. Across all replicates, the following number of cells were
analyzed: WT – 58; E47A – 56; E118A R129A – 99. Statistical significance relative to
control cells (Nde1/NdeL1 iKO – Dox) was determined by two-tailed unpaired t tests.
****, P ≤ 0.0001; ***, P ≤ 0.001; n.s., P > 0.05. D. Immunofluorescence images of DNA
(Hoechst, blue), microtubules (DM1A, green), and wild type (WT) or mutant GFP-Nde1
for the indicated conditions. Arrows indicate the centrosomes, inferred by the foci of
microtubule nucleation. Scale bar, 10 µm. E. Quantification of the centrosome-nucleus
distances for the indicated conditions. The data for Nde1/NdeL1 iKO -/+ Dox are
duplicated from Figure 1E. The data represents the mean distance for all measured
centrosomes + SEM. Data were combined from 3 or 4 replicates for each condition.
Across all replicates, the following number of centrosomes were analyzed: WT – 50;
E47A – 120; E118A R129A – 116. Statistical significance relative to control cells
(Nde1/NdeL1 iKO – Dox) was determined by two-tailed Mann-Whitney tests. ****, P ≤
0.0001; n.s., P > 0.05. F. Immunofluorescence images of DNA (Hoechst, blue), Golgi
(GM130, green), and wild type (WT) or mutant GFP-Nde1 for the indicated conditions.
The yellow outline in the Golgi (GM130) panel indicates the region occupied by the
Golgi. Scale bar, 10 µm. G. Quantification of the area occupied by the Golgi, measured
in Metamorph, for the indicated conditions. The data for Nde1/NdeL1 iKO -/+ Dox are
duplicated from Figure 1G. The data represents the mean area for all measured Golgi +
SEM. Data were combined from 3 replicates for each condition. Across all replicates,
the following number of cells were analyzed: WT – 135; E47A – 205; E118A R129A –
164. Statistical significance relative to control cells (Nde1/NdeL1 iKO – Dox) was
determined by two-tailed Mann-Whitney tests. ****, P ≤ 0.0001; n.s., P > 0.05.
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Figure 4. Nde1 and NdeL1 share significant sequence similarity. Sequence
alignment of Nde1 and NdeL1 generated by MAFFT in MegAlign Pro (DNASTAR).
Using the PAM250 residue distance, NdeL1 residues greater than two distance units
away from the aligned Nde1 residue are colored red, all other differing residues are
colored yellow. The purple asterisk marks the residue previously shown to be required
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for NdeL1 binding to dynein intermediate chain (NdeL1 E48 / Nde1 E47). The orange
asterisks mark the residues previously shown to be required for NdeL1 binding to Lis1
(NdeL1 E119 and R130 / Nde1 E118 R129).
To determine whether binding of Nde1 to Lis1 is a general requirement for dynein
function, we next tested the mechanism by which Nde1 contributes to the positioning of
the centrosomes during prophase. Although the Nde1-DIC interaction was not required
for bipolar spindle assembly (Figures 3B and 3C), disrupting the Nde1-DIC interaction
through expression of the Nde1E47A mutant did not rescue the centrosome placement
defects (Figures 3D and 3E). These data not only demonstrate a key role for an Nde1DIC interaction in centrosome placement, but also indicate that mispositioned
centrosomes at the onset of mitosis can still generate a bipolar spindle (see also (Bolhy
et al., 2011)). Strikingly, the Nde1E118A R129A mutant, which prevents the Lis1 interaction,
largely restored prophase centrosome placement (Figures 3D and 3E), although
depletion of Lis1 itself did result in detached centrosomes (Figures 1E and 2B). Thus,
proper centrosome placement requires Lis1 protein and an Nde1-DIC interaction, but
not a direct Nde1-Lis1 interaction.
Finally, as our analyses indicate that dynein function in mitotic spindle pole
focusing and prophase centrosome positioning require distinct functional interactions,
we sought to define the regulatory mechanisms required to organize the Golgi
apparatus during interphase. Similar to the results of our spindle pole focusing analysis,
expression of the DIC binding mutant, Nde1E47A, largely restored Golgi organization
(Figures 3F and 3G), despite DIC itself being required (Figures 1G and 2C). However,
the Golgi was fragmented in cells expressing the Lis1 binding mutant, Nde1E118A R129A
(Figures 3F and 3G), suggesting that the Nde1-Lis1 interaction is required for the proper
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function of dynein in the organization of the Golgi apparatus, as well as bipolar spindle
assembly.
Together, these data demonstrate that Nde1 utilizes multiple mechanisms to
regulate dynein function. Although an Nde1-Lis1 interaction is critically required for
bipolar spindle assembly and Golgi organization, it is not required to position the
centrosomes at the nuclear envelope during prophase. Thus, Nde1 is not solely acting
as a recruitment factor for Lis1. Furthermore, these findings highlight that even when
controlled by the same molecular players, different cellular dynein functions rely on
distinct regulatory mechanisms.

Nde1_SSSC immunoprecipitates the 26S proteasome
Mutations in Nde1 and Lis1 in human patients result in distinct phenotypic
consequences, yet our analyses of their cellular contributions above did not reveal
Nde1-specific phenotypes. Because Nde1 results in even more severe brain
development phenotypes in humans than mice, we speculated that the recently evolved
human isoform, Nde1_SSSC may exhibit novel functionality. Numerous binding
partners have been reported for Nde1 (Bradshaw et al., 2013), but the majority of this
work has not utilized human Nde1. We therefore sought to broadly explore cellular
functions of Nde1_SSSC using immunoprecipitation-mass spectrometry to probe for
novel interactions. Because Nde1 has known roles during both interphase and mitosis,
we performed affinity purifications from asynchronous and mitotic populations of HeLa
cells stably expressing green fluorescent protein (GFP)-Nde1_SSSC. We identified
established interacting partners of Nde1 including NdeL1, dynein, and CENP-F (Figure
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5A; (Bradshaw et al., 2013)). Strikingly, in both the asynchronous and mitotic
immunoprecipitations, we also identified substantial numbers of peptides from most of
the subunits of the 26S proteasome (Figure 5A). In contrast, when we used identical
antibody and purification conditions to isolate GFP-Nde1_KMLL or GFP-NdeL1 from
HeLa cells, we only identified background amounts of proteasome subunits (2 peptides
total; Figure 5A), suggesting that the proteasome interaction is specific to Nde1_SSSC.
To test if the Nde1_SSSC-proteasome interaction also occurs in other cell types, we
next immunoprecipitated GFP-Nde1_SSSC from U2OS cells. Again, we identified
hundreds of proteasomal peptides (Figure 5B). However, immunoprecipitation of
Nde1_KMLL only isolated 8 proteasomal peptides (Figure 5B). Additionally, we found
that the Nde1-proteasome interaction is remarkably stable, as we still detected
substantial proteasomal peptides after washing the Nde1-bound beads overnight prior
to elution and analysis by mass spectrometry (data not shown).
To probe where within the cell the Nde1_SSSC-proteasome interaction occurs,
we isolated the nuclei from interphase cells prior to immunoprecipitating Nde1. Although
we detected Nde1 in both the nuclear and cytoplasmic samples, we only identified
proteasome peptides in the cytoplasmic sample (Figure 5C). Similarly, from mitotic
cells, we detected an interaction between Nde1_SSSC and the proteasome in the
cytoplasmic, but not the chromatin-bound, fraction (Figure 5C). Therefore, the
Nde1_SSSC-proteasome interaction is unlikely to be associated with the DNA.
Thus, these data identify a robust paralog- and isoform-specific interaction
between the recently evolved isoform of Nde1 and the 26S proteasome in human cells.
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Figure 5. Identification of a paralog- and isoform-specific interaction between
Nde1_SSSC and the 26S proteasome. A. Summary of the mass spectrometry data for
the immunoprecipitation of Nde1_SSSC, Nde1_KMLL, or NdeL1 from the indicated
HeLa cell populations. Gene names are listed here. The values represent the total
number of peptides identified and the percent sequence coverage for the proteins
encoded for by the indicated gene. For Nde1 and NdeL1, the asterisks indicate that the
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peptide count listed has been filtered to remove peptides assigned to both paralogs by
Sequest due to the high sequence similarity. The % sequence coverage indicates the
original Sequest determination. The number of identified peptides shared by both Nde1
and NdeL1 are listed as Nde1/NdeL1. B. Schematic and sequence alignment of
Nde1_SSSC and Nde1_KMLL, and summary of the mass spectrometry data for the
immunoprecipitation of both isoforms from an asynchronous population of U2OS cells
as in A. The region highlighted in green is the last exon of Nde1_KMLL and the only
sequence differences distinguishing the two isoforms. C. Summary of the mass
spectrometry data for the immunoprecipitation of Nde1 from the cytoplasm or nuclei of
asynchronous HeLa cells. The number of identified peptides and % sequence coverage
are shown, as in A. For Nde1, the asterisks indicate that the peptide count listed has
been filtered to remove peptides assigned to both Nde1 and NdeL1, as in A. For the
26S proteasome, the total number of peptides from all proteasomal subunits, the range
of sequence coverages for the identified subunits, and the number of subunits identified
are shown. Blue text indicates a detected proteasome interaction based off the
presence of peptides from at least 12 proteasomal subunits. D. Summary of the mass
spectrometry data for the immunoprecipitation of Nde1 from the cytoplasmic or
chromatin fractions of mitotic HeLa cells as in B.
Multiple regions within the Nde1 C-terminus contribute to the 26S proteasome
interaction
The isoform specificity of the Nde1-proteasome interaction suggests that the C-terminus
of Nde1_SSSC mediates this interaction. In agreement with this, immunoprecipitation of
C-terminally tagged Nde1_SSSC did not isolate the proteasome (data not shown). In
addition, a C-terminal truncation of Nde1, Nde11-265, failed to isolate the proteasome
(Figure 6A). Because amino acid 316 is the C-terminal residue of the last shared exon
between Nde1_SSSC and Nde1_KMLL, we expected that Nde11-316 would also fail to
immunoprecipitate the proteasome. However, we found that Nde11-316 (data not shown),
as well as a further truncation to residue 283 (Figure 6A) both immunoprecipitated the
proteasome. Thus, regions present within Nde1_KMLL interact with the proteasome,
even though full-length Nde1_KMLL does not. We therefore sought to test whether the
Nde1_KMLL C-terminus inhibits the interaction with the proteasome. Remarkably, we
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found that Nde1_KMLL1-320, which has only 3 isoform-specific residues (amino acids
318-320 – the first residue encoded by the isoform-specific exons is identical; Figure
5B), is defective in proteasome binding (Figure 6A). We also tested the contribution of
the C-terminus of Nde1_SSSC to the proteasome interaction and found that mutating
residues 318-320 of the canonical Nde1 isoform to alanine (Nde1318AAA320) prevented
the interaction with the proteasome (Figure 6A). The isoform specificity of the Nde1
interaction with the 26S proteasome is therefore established not only by residues in
Nde1_KMLL that prevent binding to the proteasome, but also by residues specific to
Nde1_SSSC that positively contribute to proteasome binding.
To identify a region of Nde1 that was sufficient to interact with the proteasome,
we next tested Nde1 C-terminal fragments. In agreement with our finding that Nde11-265
does not immunoprecipitate the proteasome, we detected an interaction between
Nde1_SSSC266-C and the proteasome (data not shown), indicating that the Nde1_SSSC
C-terminus is both necessary and sufficient for the interaction with the 26S proteasome.
Additionally,

a

more

minimal

C-terminal

fragment,

Nde1_SSSC284-C,

also

immunoprecipitated the proteasome (Figure 6A). Because both Nde11-283 and
Nde1_SSSC284-C are able to immunoprecipitate the proteasome, we conclude that
multiple regions C-terminal to residue 265 in the canonical human isoform contribute to
the 26S proteasome interaction.
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Figure 6. Identification of an isoform-specific proteasome interaction mediated by
the 19S regulatory particle. A. Summary of the mass spectrometry data for the
immunoprecipitation of the indicated Nde1 truncations or fragments from asynchronous
U2OS cells. The data for Nde1_SSSC is duplicated from Figure 5B. The number of
identified peptides and % sequence coverage are shown. For Nde1, the asterisks
indicate that the peptide count listed has been filtered to remove peptides assigned to
both Nde1 and NdeL1. For the 26S proteasome, the total number of peptides from all
proteasome subunits, the range of sequence coverages for the identified subunits, and
the number of subunits identified are shown. Blue text indicates a detected proteasome
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interaction based off the presence of peptides from at least 12 proteasomal subunits. B.
Cartoon of the 26S proteasome and western blots probing for a 19S subunit (PSMD6)
and a 20S subunit (PSMA4) in the eluates of immunoprecipitations with the indicated
buffer conditions. GFP-Nde1284C or GFP-PSMD14 were expressed in U2OS cells and
used as baits in the immunoprecipitations. The ratio of 19S to 20S was determined by
quantifying the band intensities in Image Studio Lite. C. Immunofluorescence images of
DNA (Hoechst), microtubules (DM1A), and the indicated GFP-Nde1 variant four days
after Cas9 induction with doxycycline. Scale bar, 10 µm. D. Quantification of the spindle
pole focusing defects for the indicated conditions. The data for Nde1/NdeL1 iKO -/+ Dox
are duplicated from Figure 1C and 2C. The data represents the mean of 3 replicates +
SD. Each replicate included ≥ 15 cells. Across all replicates, the following number of
cells were analyzed: Nde1_KMLL – 70; Nde11-220 – 59. Statistical significance relative to
control cells (Nde1/NdeL1 iKO – Dox) was determined by two-tailed unpaired t tests.
****, P ≤ 0.0001; n.s., P > 0.05. E. Updated schematic from Figure 3A indicating the
interactions shown here to be required for spindle pole focusing, Golgi organization and
prophase centrosome placement, as well as the paralog- and isoform-specific
interaction between the C-terminus of Nde1_SSSC and the 26S proteasome. The
binding region for CENP-F was determined in (Soukoulis et al., 2005) and DHC in
(Sasaki et al., 2000).
Nde1 associates with the 19S regulatory particle
The 26S proteasome is a macromolecular complex responsible for the majority of the
regulated protein degradation in eukaryotic cells (Glickman and Ciechanover, 2002). In
immunoprecipitations using a tagged proteasome subunit, we did not identify Nde1
peptides (data not shown), suggesting that Nde1 likely associates with only a subset of
the total cellular proteasome population. However, as the proteasome is highly
abundant in eukaryotic cells (Tanaka et al., 1986), even a small Nde1-bound
proteasome population could have significant cellular consequences.
Two subcomplexes - a 20S core particle containing the degradative subunits,
and a 19S regulatory complex - form the 26S proteasome (Figure 6B; (Kish-Trier and
Hill, 2013)). To determine which proteasome subcomplex associates with Nde1, we
took advantage of the inherent salt sensitivity of the 26S holocomplex in vitro (Verma et
al., 2000). When purified in a buffer containing a low concentration of salt and
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supplemented ATP, the entire 26S proteasome can be purified from human cells
(Figures 6B and 7A). However, at increased salt concentrations, the 26S proteasome
dissociates into its two constituent subcomplexes, resulting in purifications enriched for
the subcomplex containing the tagged subunit (Figures 6B and 7A). Consistent with an
interaction with the 26S proteasome, immunoprecipitation of Nde1 under low salt
conditions isolated representative subunits of both the 19S and 20S (Figures 6B and
7B). However, at higher salt concentrations, the 19S proteasome was enriched (Figures
6B and 7B) suggesting that the primary Nde1-proteasome interaction site likely exists
within the 19S regulatory particle.
Together, these data define the molecular basis for an interaction between the
recently evolved human Nde1 isoform and the 19S regulatory particle of the 26S
proteasome.
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Figure 7. Stability of the 26S proteasome in vitro is sensitive to salt and
nucleotide concentration. A. Coomassie-stained gels of the elutions after
immunoprecipitation with the indicated tagged proteasome subunit and buffer
purification conditions. The 26S proteasome can be purified under conditions of low salt
and added nucleotide. However, upon increasing the amount of salt, the 26S
dissociates into the 19S and 20S subcomplexes. B. Western blots probing for a 19S
subunit (PSMD6) and a 20S subunit (PSMA4) in the eluates of immunoprecipitations
with the indicated buffer conditions. GFP-Nde1284-C or GFP-PSMA3 were expressed in
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U2OS cells and used as baits in the immunoprecipitations. The ratio of 19S to 20S was
determined by quantifying the band intensities in Image Studio Lite.
The Nde1-proteasome interaction is not required for core cellular roles of dynein
Having identified a robust association between Nde1 and the proteasome, we sought to
test the functional contribution of this interaction. The minimal region of Nde1 that is
sufficient for immunoprecipitating the proteasome (Nde1_SSSC284-C) is C-terminal to
any region previously implicated in dynein binding or regulation, suggesting that the
Nde1-proteasome interaction is unlikely to be required for the core cellular roles of
dynein. Indeed, expression of the alternative human isoform, Nde1_KMLL, which does
not interact with the proteasome, rescued the spindle pole focusing (Figures 6C and 6D)
and centrosome placement (Figure 8A) defects in the Nde1/NdeL1 double knockout
cells. We also found that an Nde11-220 truncation, which lacks the Nde1_SSSC Cterminus, rescues the Nde1/NdeL1 double knockout defects in spindle pole focusing
(Figures 6C and 6D) and Golgi organization (Figure 8B).
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Figure 8. The Nde1_SSSC-proteasome interaction is not required for the core
functions of dynein. A. Quantification of the centrosome-nucleus distances for the
indicated conditions. The data for Nde1/NdeL1 iKO -/+ Dox are duplicated from Figure

117

1E and 2E. The data represents the mean distance for all measured centrosomes +
SEM. For Nde1_KMLL, data were combined from 3 replicates with 100 total
centrosomes analyzed. Statistical significance relative to control cells (Nde1/NdeL1 iKO
– Dox) was determined by two-tailed Mann-Whitney tests. ****, P ≤ 0.0001; n.s., P >
0.05. B. Quantification of the area occupied by the Golgi, measured in Metamorph, for
the indicated conditions. The data for Nde1/NdeL1 iKO -/+ Dox are duplicated from
Figure 1G and 2G. The data represents the mean area for all measured Golgi + SEM.
For, Nde11-220, data were combined from 4 replicates with 76 total cells analyzed.
Statistical significance was determined by two-tailed Mann-Whitney tests. ****, P ≤
0.0001; *, P ≤ 0.05.
Loss of Nde1 alone from human cells in culture does not result in severe
phenotypic consequences (McKinley and Cheeseman, 2017). However, Nde1 is
essential for neurodevelopment. Therefore, although likely dispensable for cell viability
in culture, the Nde1-proteasome interaction may be required specifically during
development of the human brain. Because of the diverse cellular roles of Nde1, testing
the functional consequence of the Nde1-proteasome interaction will require Nde1
mutants that specifically disrupt the proteasome interaction without altering other Nde1
functions. To date, the C-terminal exons of Nde1 do not have other ascribed functions
(Mosca et al., 2017). Thus, the C-terminal mutations we identify here that prevent the
interaction with the proteasome will facilitate future work investigating the contribution of
the Nde1-proteasome interaction in human neurodevelopment.
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Discussion
As a key regulator of cytoplasmic dynein, Nde1 contributes to diverse cellular
processes. Prior work has suggested that dynein regulation is achieved through the
coordinated functions of Nde1 and Lis1, with Nde1 acting to help recruit Lis1 to dynein
(McKenney et al., 2010, Wang and Zheng, 2011, Huang et al., 2012). Our dissection of
the molecular features of Nde1 required for diverse functions of dynein indicates that
the role of Nde1 in dynein regulation is more complex than previously appreciated. A
direct Nde1-Lis1 interaction is required for spindle pole focusing (Figures 3B, 3C, and
6E) and Golgi organization (Figures 3F, 3G and 6E), but it is largely dispensable for
positioning the centrosomes during prophase (Figures 3D, 3E, and 6E), even though
Lis1 itself is required (Figures 1E and 2B). Thus, the contribution of Nde1 to dynein
regulation is not limited to solely helping recruit Lis1 to dynein. Additionally, our work
indicates that dynein regulation is accomplished not only through the presence or
absence of specific adaptor proteins, but also through changes in the intermolecular
interactions within those adaptor proteins. These altered interactions may allow for
precise adjustments of dynein activity to optimize the force output required in each
cellular context.
Our work also indicates that the cellular functions of Nde1 include not only dynein
regulation, but also a 26S proteasome interaction (Figures 5A and 6E). Intriguingly,
although the Nde1_KMLL isoform is widely conserved among mammals, the
proteasome-binding isoform, Nde1_SSSC, only has homologs in a small subset of
mammals, and is absent from mice. A potential role for the Nde1-proteasome
interaction in brain development could contribute to the increased phenotypic severity of
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human Nde1 mutations as compared to mouse Nde1 knockouts (Bakircioglu et al.,
2011). Additionally, a dual role of Nde1 in both interacting with the proteasome and
regulating dynein could explain why the loss of many other dynein-interacting or
centrosomal proteins results in less severe brain phenotypes than those resulting from
loss of Nde1 (Doobin et al., 2016). An Nde1-proteasome interaction, either in
conjunction with, or independent of dynein, could also contribute to normal brain
development. For example, during neuronal maturation, an asymmetric distribution of
proteasomes within axons, created by dynein-mediated transport, is required for proper
axonal growth (Hsu et al., 2015). Thus, identifying the function of the interaction
between Nde1 and the 26S proteasome has potentially significant implications for
understanding human neurodevelopment in physiological and disease states. However,
analyzing the functional contribution of the Nde1-proteasome interaction to brain
development also represents a significant challenge since the interaction is specific to
the human Nde1 isoform and therefore cannot be studied in mouse models. Future
work using 3D cerebral organoid culture systems and the precise Nde1 mutants we
have identified here that are defective in associating with the proteasome will facilitate
identification

of

the

role

of

the

Nde1-proteasome

neurodevelopment.
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Experimental Procedures

Molecular Biology
The sgRNA targeting dynein intermediate chain (DYNC1I2 – 5’ attactgtacctagatccca 3’)
was cloned into pLenti-sgRNA. Except for Nde1_KMLL, all GFP-tagged constructs for
expression in human cells were generated by cloning the cDNA into a pBABEblast
vector containing either an N-terminal LAP tag (GFP-TEV-S) or a C-terminal LAP tag
(His-PreScission-GFP) as described previously (Cheeseman and Desai, 2005).
Nde1_KMLL was generated by two rounds of overlap extension PCR from the
Nde1_SSSC cDNA, followed by cloning into the N-terminal LAP tag pBABEblast vector.
The Nde1_KMLL-specific sequence was codon optimized for expression in human cells.
Mutations in Nde1 were introduced by site-directed mutagenesis. An E. coli codon
optimized version of Nde1 was expressed in cells requiring a CRISPR/Cas9 resistant
transgene. In all cases, the inserted cDNA was verified by sequencing. Plasmids will be
deposited to Addgene.

Cell Culture and Cell Line Generation
All HeLa (female cervix adenocarcinoma cells, not authenticated) and U2OS
(female osteosarcoma cells, not authenticated) used in this study were cultured in
Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum (GE
Healthcare), 100 units/mL penicillin, 100 units/mL streptomycin, and 2 mM L-glutamine
at 37°C with 5% CO2. Inducible knockout lines were cultured in media containing
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certified tetracycline-free FBS (Gemini Bio-Products). Cell lines were tested for
mycoplasma contamination monthly.
The Nde1/NdeL1, dynein heavy chain, and Lis1 CRISPR/Cas9-based inducible
knockout cell lines were described in (McKinley and Cheeseman, 2017) and the dynein
intermediate chain inducible knockout cell line was generated by the same protocol of
lentiviral transduction of the sgRNA containing vector into HeLa cells containing Cas9
under the control of a doxycycline-inducible promoter. Cells expressing guide resistant
GFP-Nde1 constructs were generated by retroviral infection of the Nde1/NdeL1
inducible knockout cell line, followed by Blasticidin selection. These Blasticidin resistant
polyclonal cell lines were used for all analyses to minimize potential variation in the
efficiency of CRISPR/Cas9 induction and cutting between different replacement cell
lines. For the Nde11-220 replacement cell line, the transgene expression levels were low,
even after selection, so flow cytometry was performed to generate a population of cells
that were enriched for transgene expression. To induce Cas9 expression, cells were
dosed with 1 µg/mL doxycycline at 0, 24 and 48 hrs and assayed at 96 hours (4 days).
Cell lines expressing GFP-tagged constructs for immunoprecipitation and mass
spectrometry analysis were generated by retroviral infection of either HeLa or U2OS
cells, followed by single cell sorting.

Immunofluorescence
Cells were plated on glass coverslips coated with poly-L-lysine (Sigma-Aldrich). For all
experiments except where Golgi staining was performed, cells were fixed with 4%
formaldehyde in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM ethylene glycol
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tetraacetic acid (EGTA), and 4 mM MgSO4, pH 7) for 10 minutes. Blocking and all
antibody dilutions were performed using AbDil (20 mM Tris, 150 mM NaCl, 0.1% Triton
X-100, 3% BSA, and 0.1% NaN3, pH 7.5). PBS plus 0.1% Triton X-100 (PBS-TX) was
used for washes. For Golgi staining, cells were fixed with 4% formaldehyde in PBS for
15 minutes. Blocking and all antibody dilutions were performed using PBS plus 1% BSA
and 0.3% Triton X-100. Anti-GM130 antibody (Cell Signaling Technologies) was used at
a 1:3200 dilution. PBS was used for washes. For all experiments, GFP-Booster
(Chromotek; 1:200 dilution) was used to amplify the fluorescence of the GFP-tagged
transgenes and DM1A was used to stain the microtubules (Sigma-Aldrich; 1:3,000
dilution). Anti-mouse Cy3-conjugated secondary antibody (Jackson ImmunoResearch
Laboratories) was used at 1:300. DNA was visualized by incubating cells in 1 µg/ml
Hoechst-33342 (Sigma-Aldrich) in PBS-TX for 10 min. Coverslips were mounted using
PPDM (0.5% p-phenylenediamine and 20 mM Tris-Cl, pH 8.8, in 90% glycerol).

Fluorescence microscopy
Images were acquired on a DeltaVision Core microscope (Applied Precision) equipped
with a CoolSnap HQ2 CCD camera (Photometrics) and a 100x, 1.4-NA U-PlanApo
objective (Olympus). Images displayed in the figures were deconvolved and maximally
projected. The fluorescence is not scaled equivalently in each panel due to image
acquisition on different days.
For the Blasticidin resistant cell lines expressing GFP-Nde1 variants, only GFP
positive cells were analyzed. “GFP positive” was defined as having cytoplasmic
fluorescence ≥ 2.5 times above the background signal in a non-fluorescent cell.
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Mitotic spindle pole focusing was analyzed by examining 100 cells for each
condition (1 replicate) and denoting the percentage of cells with defects in bipolar
spindle assembly. 3-5 biological replicates were analyzed for each condition, and the
mean percentage of cells (+ SD) with abnormal spindles for those replicates was
plotted.
Prophase cells analyzed for proper centrosome placement were found by the
presence of condensed DNA, foci of microtubule nucleation visualized by DM1A
staining, and the inference of a nuclear envelope by DM1A exclusion from the DNA
mass. Only cells with exactly 2 foci of microtubule nucleation were analyzed. 5 Zsections with 1 µm spacing were acquired for each cell. The distance between the
center of the microtubule nucleation foci and the closest point of in-focus DNA was
determined for each centrosome using the DeltaVision software. The mean (+ SEM) of
all measured centrosome-nucleus distances for each condition was plotted.
For analysis of the Golgi organization, 5 Z-sections with 1 µm spacing were
acquired for each cell. Images were maximally projected and analyzed in Metamorph
(Molecular Devices) by drawing the minimal region encompassing the Golgi and
denoting the region area for each cell. The mean (+ SEM) of all measured Golgi
occupancy areas for each condition was plotted.
In all cases sample sizes were chosen to capture a diversity of cells. Because of
the nature of the inducible knockout system and our population level analyses, we note
that not every cell analyzed is fully depleted for the targeted gene. For this reason,
Mann-Whitney tests were used to analyze the centrosome-nuclei distance and Golgi
area data. This incomplete penetrance results in our reported mean centrosome-nuclei
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distances, and Golgi areas for the knockout conditions underestimating the severity of
the observed defects in individual knockout cells.

Immunoprecipitations
For mitotic immunoprecipitations, cells from 60x 15-cm plates were arrested with 330
nM nocodazole (Sigma-Aldrich) for 14 h and harvested by shake-off. The cells
remaining on the plates following the mitotic shake-off were collected for interphase
samples. Asynchronous populations were obtained by harvesting all of the cells from
30x 15-cm plates.
Nde1 and NdeL1 immunoprecipitations for mass spectrometry analysis were
performed as described previously (Cheeseman and Desai, 2005). Briefly, harvested
cells were washed in PBS and resuspended 1:1 in 50 mM HEPES, 1 mM EGTA, 1 mM
MgCl2, 100 mM KCl, 10% glycerol, pH 7.4 (1X Lysis buffer) before freezing in liquid
nitrogen. To thaw, an equal volume of 1.5x lysis buffer supplemented with 0.075%
Nonidet P-40 (NP-40) was added to the resuspended cells. Complete EDTA-free
protease inhibitor cocktail (Roche) and 1 mM phenylmethylsulfonyl fluoride (PMSF) was
added to inhibit proteases. 20 mM beta-glycerophosphate and 0.4 mM sodium
orthovanadate was added to inhibit phosphatases. Cells were lysed by sonication and
the lysate was cleared by centrifugation. The cleared supernatant was mixed with
Protein A beads (Bio-Rad) coupled to GFP antibody (Cheeseman and Desai, 2005).
KCl was supplemented to a final concentration of 300 mM and the sample was placed
on a rotating wheel for 1 hour at 4°C. The beads were washed five times in 50 mM
HEPES, 1 mM EGTA, 1 mM MgCl2, 300 mM KCl, 10% glycerol, 0.05% NP-40, 1 mM
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dithiothreitol (DTT), 10 µg/mL leupeptin, 10 µg/mL pepstatin, 10 µg/mL chymostatin, pH
7.4 (Wash buffer), and once in wash buffer without detergent. Protein was eluted with
0.1 M glycine, pH 2.6. The eluate was precipitated with trichloroacetic acid (TCA) and
digested with Lys-C (Sigma-Aldrich) and trypsin (Promega) for analysis by mass
spectrometry.
For isolation of nuclei or chromatin from interphase or mitotic cells respectively,
frozen cells were resuspended in 300 mM sucrose, 50 mM Tris, 25 mM KCl, 5 mM
MgCl2, pH 7.5 (Sucrose homogenization buffer), supplemented with Complete EDTAfree protease inhibitor cocktail, 1 mM PMSF, 20 mM beta-glycerophosphate and 0.4
mM sodium orthovanadate. Additional 2 M sucrose was added to bring the final sucrose
concentration to 300 mM. Thawed cells were dounce homogenized on ice with 15-25
strokes over 5 minutes. Lysed cells were spun at 5,000 rpm for 8 minutes. The
supernatant was removed and saved as the cytoplasmic fraction. The pellet was
resuspended in sucrose homogenization buffer and used as the nuclear/chromatinbound fractions. All samples were then sonicated and spun at 20,000 rpm for 10
minutes. The resulting supernatants were incubated with Protein A beads (Bio-Rad)
coupled to GFP antibody (Cheeseman and Desai, 2005) and the rest of the
immunoprecipitation was carried out as for Nde1 above.
The proteasome immunoprecipitations in Figure 7A were performed with the
protocol above except the protein was eluted by incubating the beads in a buffer
containing PreScission (HRV 3C) protease at 4°C overnight. The eluted protein was
then analyzed by SDS-PAGE, and stained with Coomassie. The low salt PMSD14 IP in
Figure 7 had the following additional changes: 50 µg/mL creatine kinase (Roche), 35
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mM creatine phosphate (Roche) and 5 mM ATP (ATP regeneration system) was added
to the thawed cells and again to the cleared supernatant, no additional KCl was added
to the cleared supernatant, and 2 mM ATP was added to the wash buffers. For mass
spectrometry analysis, a portion of the eluted protein was TCA precipitated and then
digested with the standard protocol.
For the Nde1 and proteasome immunoprecipitations analyzed by Western
blotting in Figures 4B and S3B, the cell pellets were resuspended in 1x Lysis buffer plus
1% Triton X-100, and split into two samples, with ATP regeneration system added to
one of the samples for each cell line. The cells were allowed to lyse on ice for 30
minutes with occasional vortexing, then spun at 16,000 rpm for 10 min. The resulting
supernatants were mixed with Protein A beads (Bio-Rad) coupled to GFP antibody
(Cheeseman and Desai, 2005), supplemented with either ATP regeneration system or
KCl to adjust the salt concentration to 300 mM or 500 mM, and incubated at 4°C for 1
hour. The beads were washed 6 times with wash buffer supplemented with either 2 mM
ATP or KCl to adjust the salt concentration to 300 mM or 500 mM. Glycine elutions and
TCA precipitations were performed as described above, followed by Western blot
analysis.

Mass spectrometry
Immunoprecipitated proteins were analyzed on an LTQ XL Ion trap mass spectrometer
(Thermo Fisher Scientific) and the data were analyzed using SEQUEST software as
described previously (Washburn et al., 2001). The % sequence coverage indicated in
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the figures is for the isoform identified by SEQUEST and should be taken as an
approximation.

Western blotting
For Western blotting, samples were separated on a 12% SDS-PAGE gel, semi-dry
transferred to nitrocellulose and blocked for 1 hour in 3% BSA in TBS + 0.1% Tween-20
(Blocking buffer). Primary antibodies (Anti-PSMD6/Rpn7 and Anti-PSMA4/a3 (Enzo Life
Sciences)) were diluted 1:1,000 in blocking buffer. HRP conjugated secondary
antibodies (Kindle Biosciences) were used at 1:1,000 and diluted in TBS + 0.1% Tween20. All antibody incubations were performed at room temperature for 1 hour. Washes
were performed with TBS + 0.1% Tween-20. Clarity (Bio-Rad) was used as the
enhanced chemiluminescence (ECL) substrate. Images were acquired with a
KwikQuant Imager (Kindle Biosciences) and converted to black and white using the blue
filter in Adobe Photoshop. Band intensities were quantified in Image Studio Litem using
grayscale images.
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inhibitors of ubiquitination enzymes
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Summary
Cytoplasmic dynein is a minus-end directed microtubule-based motor that acts at
diverse subcellular sites. During mitosis, dynein localizes simultaneously to the mitotic
spindle, spindle poles, kinetochores, and the cell cortex. However, it is unclear what
controls the relative targeting of dynein to these locations. As dynein is heavily posttranslationally modified, we sought to test a role for these modifications in regulating
dynein localization. We find that dynein rapidly and strongly accumulates at mitotic
spindle poles following treatment with NSC697923, a small molecule that inhibits the
ubiquitin E2 enzyme, Ubc13, or treatment with PYR-41, a ubiquitin E1 inhibitor. Subsets
of dynein regulators such as Lis1, ZW10, and Spindly accumulate at the spindle poles,
whereas others do not, suggesting that NSC697923 differentially affects specific dynein
populations. We additionally find that dynein relocalization induced by NSC697923 or
PYR-41 can be suppressed by simultaneous treatment with the non-selective
deubiquitinase inhibitor, PR-619. However, we did not observe altered dynein
localization following treatment with the selective E1 inhibitor, TAK-243. Although it is
possible that off-target effects of NSC697923 and PYR-41 are responsible for the
observed changes in dynein localization, the rapid relocalization upon drug treatment
highlights the highly dynamic nature of dynein regulation during mitosis.
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Introduction
Dynein is a AAA+ ATPase that uses the energy from ATP hydrolysis to walk along a
microtubule (Neuwald et al., 1999). Dynein localizes to diverse sites within the cell,
including the mitotic spindle, the centrosomes, the nuclear envelope, the kinetochores,
and the cell cortex, where it performs numerous roles in interphase and mitosis
(Roberts et al., 2013). This subcellular targeting is accomplished in part by the
association of the dynein complex with various regulatory and adaptor proteins,
including the dynactin complex, NuMA, Spindly, Bicaudal D2, Nde1 (also known as
NudE) and others (Kardon and Vale, 2009).
Dynein is also heavily post-translationally modified (Hornbeck et al., 2015),
suggesting the presence of additional mechanisms for regulating its localization and
function. For example, multiple sites within dynein are modified by ubiquitin (Danielsen
et al., 2011; Kim et al., 2011; Wagner et al., 2011; Wagner et al., 2012; Mertins et al.,
2013; Udeshi et al., 2013; Hornbeck et al., 2015; Lumpkin et al., 2017). The most wellcharacterized function of ubiquitination is to target a substrate for degradation by the
26S proteasome (Kwon and Ciechanover, 2017), but ubiquitination also plays nondegradative roles in regulating diverse processes such as endocytosis and DNA repair
(Hofmann and Pickart, 1999; Erpapazoglou et al., 2014). Additionally, protein-protein
interactions and localization can be regulated by ubiquitination (Komander and Rape,
2012). Prior work has identified several ubiquitination sites within the dynein complex or
dynein regulatory proteins that do not increase in abundance upon proteasome
inhibition (Kim et al., 2011), and therefore may alter dynein function through nondegradative mechanisms. Indeed, evidence suggests that the dynein-NuMA interaction
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is enhanced by non-degradative ubiquitination (Yan et al., 2015) and a role for nondegradative ubiquitination has also been implicated in indirectly targeting dynein to the
cell cortex (Yang et al., 2014).
Ubiquitination is mediated by the sequential actions of an E1 activating enzyme,
an E2 conjugating enzyme, and an E3 ligase. Polyubiquitin chains can be built from any
of seven internal lysines or the N-terminal methionine of ubiquitin (Kwon and
Ciechanover, 2017). The type of linkage used in building the polyubiquitin chain helps
determine the downstream effect on the ubiquitinated substrate (Kwon and
Ciechanover, 2017). For example, proteasome targeting is typically directed by the
synthesis of a lysine 48-linked polyubiquitin chain (Kwon and Ciechanover, 2017),
whereas a K63-linked chain is the most abundant non-degradative ubiquitination event
(Pickart and Fushman, 2004). The E2 enzymes typically specify the type of linkage
generated, with Ubc13 acting as the primary ubiquitin E2 enzyme involved in K63-linked
non-degradative chain formation (Erpapazoglou et al., 2014). However, the cellular
processes regulated by non-degradative ubiquitination remain incompletely understood.
Here, we use a small molecule inhibitor of Ubc13, as well as inhibitors targeting
other components of the ubiquitin conjugation machinery to reveal the highly dynamic
nature of dynein localization in mitotic cells.
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Results
Dynein rapidly accumulates at the spindle poles following Ubc13 inhibition by
NSC697923 treatment
We hypothesized that post-translational modifications may play a critical role in
controlling the subcellular localization of the cytoplasmic dynein complex. We therefore
sought to identify perturbations that alter dynein localization. To begin, we treated HeLa
cells stably expressing GFP-tagged dynein heavy chain (DHC-GFP) with inhibitors of
mitotic kinases and phosphatases to perturb cellular phosphorylation. We did not
observe any obvious changes in the mitotic localization of dynein following transient
inhibition of Aurora kinases (ZM447439/VX680), cyclin-dependent kinase (flavopiridol),
Mps1 (AZ3146), Plk1 (BI2536), PP1 or PP2A (okadaic acid) (data not shown). We next
tested for a contribution from ubiquitination to dynein localization by treating with the
Ubc13 inhibitor, NSC697923 (Figure 1A; ((Pulvino et al., 2012)). After only 15 minutes
of treatment, NSC697923 caused a nearly complete disassembly of the mitotic spindle
in 23 of 100 mitotic cells analyzed (Figure 1B). Strikingly, in the majority of cells with
spindle microtubules remaining, we observed a dramatic accumulation of dynein at two
foci that correspond to the spindle poles (Figure 1B). Treatment with a low dose of
nocodazole resulted in a similar disruption of the mitotic spindle, but did not induce
dynein accumulation at the spindle poles, suggesting that the NSC697923-induced
effects on dynein localization are independent of its effects on the mitotic spindle
(Figure 1C). To further test this, we stabilized the mitotic spindle by treating cells with
the microtubule stabilizing drug taxol. Taxol treatment alone did not alter the localization
of dynein (Figure 1D). We next simultaneously treated cells with NSC697923 and taxol.
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Under these conditions, the mitotic spindle was largely preserved and we again
observed strong dynein relocalization to the spindle poles in 79 +/- 6% of cells in either
prometaphase or metaphase, compared to only 1 +/- 2% of cells treated with taxol alone
(Figure 1D; also see Figure 7 below). Line scan analyses confirmed an increase in
dynein intensity at the spindle poles following NSC697923 treatment (Figure 2A). This
suggests that the change in dynein localization is not a secondary consequence of
disrupting the structure of the mitotic spindle. Co-staining for NuMA, one of the
outermost proteins at the spindle pole (Dionne et al., 1999), revealed that NuMA
localization is unaffected by NSC697923 treatment (Figures 1E and 2B) and that the
spindle pole-localized dynein was slightly internal to the localization of NuMA (Figure
1E). Together, our data demonstrate a rapid accumulation of dynein at the spindle poles
following addition of the small molecule inhibitor, NSC697923.
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Figure 1. NSC697923 induces accumulation of dynein at the mitotic spindle poles.
A. Cartoon of the ubiquitin conjugation pathway. NSC697923 is a small molecule
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inhibitor of the ubiquitin E2 enzyme, Ubc13. B-D. Immunofluorescence images of DNA
(Hoechst), stably expressed dynein heavy chain-GFP (DHC-GFP), and microtubules
(DM1A) after treating the cells for 15 minutes with the indicated compounds. Scale bars:
10 µm; 1 µm in the magnified panel. E. Representative immunofluorescence images of
stably expressed dynein heavy chain-GFP (DHC-GFP) and NuMA after treatment for 15
minutes with NSC697923 and taxol. Scale bar: 10 µm; 5 µm in the magnified panel.
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Figure 2. NSC697923 induces accumulation of dynein at the mitotic spindle poles
without affecting NuMA. A. Line scans of DHC-GFP fluorescence intensity from
representative cells treated with the indicated compounds for 15 minutes. The cells
shown are duplicated from Figure 1D, but here they are not deconvolved. Scale bar: 10
µm. B. Representative immunofluorescence images of NuMA after treating the cells for
15 minutes with the indicated compounds. Scale bar: 10 µm.
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A subset of dynein-associated factors accumulate at spindle poles after
NSC697923 treatment
Dynein heavy chain associates with numerous proteins, including other subunits of the
dynein complex, as well as various adaptor proteins (Kardon and Vale, 2009). We
therefore sought to determine which other proteins accumulate with dynein heavy chain
at the spindle poles after NSC697923 treatment. As expected, another subunit of the
dynein complex, the dynein light chain Tctex-type 3, also accumulated at the mitotic
spindle poles following NSC697923 addition (Figure 3A). In contrast, ARP1, a subunit of
the dynactin complex and a key regulator of dynein strongly localizes to mitotic spindle
poles in untreated cells, with no obvious alteration in localization following NSC697923
treatment (Figure 3B). Next, we examined Lis1 and Nde1, proteins that coordinately
regulate diverse functions of dynein (Kardon and Vale, 2009; Monda and Cheeseman,
2018). Lis1 strongly accumulated at the spindle poles following NSC697923 treatment
during prometaphase (Figure 3C), whereas the localization of Nde1 was comparatively
unaffected in both prometaphase and metaphase (Figure 3D). Because only a subset of
dynein-interacting proteins relocalize to the spindle poles after NSC697923 treatment,
these data suggest that NSC697923 differentially affects specific dynein complexes.
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Figure 3. NSC697923 induces accumulation of a subset of dynein regulators at
the mitotic spindle poles. A. Representative immunofluorescence images of stably
expressed GFP-Tctex-type 3, microtubules (DM1A), and DNA (Hoechst) after treating
the cells for 15 minutes with the indicated compounds. Scale bar: 10 µm. B.
Representative immunofluorescence images of stably expressed GFP-ARP1,
microtubules (DM1A), and DNA (Hoechst) after treating the cells for 15 minutes with the
indicated compounds. Scale bar: 10 µm. C. Representative immunofluorescence
images of stably expressed GFP-Lis1, microtubules (DM1A) and DNA (Hoechst) after
treating the cells for 15 minutes with the indicated compounds. Scale bar: 10 µm. D.
Representative immunofluorescence images of stably expressed GFP-Nde1,
microtubules (DM1A), and DNA (Hoechst) after treating the cells for 15 minutes with the
indicated compounds. Scale bar: 10 µm.
We next sought to test the localization of diverse mitotic proteins following
NSC697923 treatment. In addition to the spindle pole-localized protein NuMA (Figure
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1E), we found that the centriole and spindle-localized protein CSAP (Backer et al.,
2012) appeared unaffected by treatment with NSC697923 (Figure 4A). The centromerelocalized protein, CENP-A, was similarly unaffected by NSC697923 treatment (Figure
4A). Thus, NSC697923 does not globally disrupt mitotic protein function.
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Figure 4. NSC697923 induces accumulation of a subset of dynein interactors at
the mitotic spindle poles. A. Representative immunofluorescence images of stably
expressed GFP-CENP-A and GFP-CSAP, microtubules (DM1A), and DNA (Hoechst)
after treating the cells for 15 minutes with the indicated compounds. Scale bar: 10 µm.
B. Representative immunofluorescence images of stably expressed GFP-ZW10,
microtubules (DM1A), and DNA (Hoechst) after treating the cells for 15 minutes with the
indicated compounds. Scale bar: 10 µm. C. Representative immunofluorescence
images of Spindly and DNA (Hoechst) after treating the cells for 15 minutes with the
indicated compounds. Scale bar: 10 µm. D. Representative immunofluorescence
images of MAD1 and DNA (Hoechst) after treating the cells for 15 minutes with the
indicated compounds. Scale bar: 10 µm. E. Representative immunofluorescence
images of MAD2, Bub1, and DNA (Hoechst) after treating the cells for 15 minutes with
the indicated compounds. Arrows indicate weak, but detectable localization of MAD2 at
the spindle poles. Scale bar: 10 µm.
The Rod/Zwilch/ZW10 (RZZ) complex and Spindly are involved in targeting
dynein to mitotic kinetochores (Kardon and Vale, 2009) and have been proposed to be
cargo of the dynein complex (Famulski et al., 2011). In agreement with this, we found
that ZW10 and Spindly accumulated at the spindle poles after treatment with
NSC697923 (Figures 4B and 4C). The RZZ complex also plays a key role in targeting
the spindle assembly checkpoint proteins, MAD1 and MAD2 to mitotic kinetochores
(Buffin et al., 2005; Silio et al., 2015; Zhang et al., 2015). We found that MAD1 clearly
accumulates at the spindle poles following NSC697923 treatment (Figure 4D). The
behavior of MAD2 was more variable, but we typically saw some localization of MAD2
at the spindle poles in NSC697923-treated cells that we did not observe in control cells
(Figure 4E). In contrast, the localization of Bub1, a key protein involved in targeting the
RZZ complex to mitotic kinetochores (Caldas et al., 2015; Zhang et al., 2015) appeared
unaffected by NSC697923 treatment (Figure 4E). Together, these data define a subset
of dynein-interacting proteins that show altered localization following treatment with
NSC697923.
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Proteasome inhibition does not alter dynein localization in mitosis
Although K63-linked polyubiquitination is not a canonical signal for degradation, K63
chains can still alter substrate stability (Kwon and Ciechanover, 2017). To test whether
the relocalization of dynein following NSC697923 treatment was due to altered protein
stability, we assessed dynein localization following inhibition of the proteasome with
MG132 (Figure 5A). In contrast to the relocalization induced by NSC697923 treatment,
proteasome inhibition did not induce an accumulation of dynein at spindle poles (Figure
5B). We also visualized endogenous ZW10 in these cells by immunofluorescence and
did not observe signal that noticeably differed from DMSO-treated cells (Figure 5B).
Proteasomal targeting is frequently accomplished by K48-linked polyubiquitin chains,
and Cdc34 is a key E2 enzyme involved in K48-linked polyubiquitin chain formation
(Lydeard et al., 2013). We therefore also utilized CC0651 (Ceccarelli et al., 2011), an
inhibitor of Cdc34, and again did not observe a change in dynein or ZW10 localization
(Figure 5B). Collectively, these results suggest that the mitotic localization of dynein is
not regulated by a degradative ubiquitination event.
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Figure 5. Dynein localization is not controlled by degradative ubiquitination. A.
Cartoon of the ubiquitin conjugation pathway illustrating the ubiquitin E2 enzyme,
Cdc34, and the targeting of substrates for degradation by the 26S proteasome. CC0651
inhibits Cdc34 and MG132 inhibits the proteasome. B. Representative
immunofluorescence images of stably expressed dynein heavy chain-GFP (DHC-GFP),
ZW10, microtubules (DM1A), and DNA (Hoechst) after treating the cells for 15 minutes
with the indicated compounds. Scale bar: 10 µm.
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Ubiquitin E1 inhibitors have differential effects on dynein localization in mitosis
Ubiquitination requires the sequential activities of three distinct enzymes. The E2
enzymes, such as Ubc13, rely on an upstream ubiquitin activation step performed by a
ubiquitin E1 enzyme. We therefore sought to further test whether the relocalization of
dynein induced by NSC697923 treatment is due to inhibition of ubiquitination by treating
cells with PYR-41 (Yang et al., 2007) or TAK-243 (Hyer et al., 2018), small molecule
inhibitors that target the E1 enzyme. As we observed for NSC697923 treatment, PYR41 rapidly induced the accumulation of dynein and ZW10 at spindle poles (Figure 6A).
Indeed, by live-cell imaging, increased dynein levels were observed at poles within five
minutes of addition of PYR-41 in both the absence and presence of taxol to stabilize the
mitotic spindle (Figure 6B). However, the recently developed E1 inhibitor, TAK-243, did
not affect dynein localization (Figure 6A). TAK-243 is a potent inhibitor of both Uba1 and
the other human ubiquitin E1 enzyme Uba6 (Hyer et al., 2018). Thus, the lack of dynein
relocalization following TAK-243 treatment suggests that the NSC697923 and PYR-41induced spindle pole accumulation of dynein could be due to off-target effects. To test
this possibility, we used the TS20 cell line that contains temperature-sensitive mutations
in Uba1 (Chowdary et al., 1994; Lao et al., 2012), the primary ubiquitin E1 enzyme. At
the restrictive temperature, Uba1 levels should be significantly reduced, yet we did not
observe an accumulation of ZW10 at the spindle poles (Figure 6C). Additionally, in the
absence of Uba1, the cells should be insensitive to any on-target effects of PYR-41.
However, we found that PYR-41 still induced ZW10 accumulation at the spindle poles at
the restrictive temperature (Figure 6C). We were also unable to validate the specificity
of PYR-41 using a CRISPR/Cas9 based system (McKinley et al., 2015) to eliminate
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Uba1 from HeLa cells (data not shown). Therefore, it is possible that the relocalization
of dynein induced by PYR-41 and NSC697923 is not due to directly interfering with
ubiquitination, but instead is caused by off-target effects.
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Figure 6. Dynein accumulation at the spindle poles is induced by PYR-41. A. Top:
Cartoon illustrating inhibition of the ubiquitin E1 enzyme by PYR-41 and TAK-243.
Bottom: Representative immunofluorescence images of stably expressed dynein heavy
chain-GFP (DHC-GFP), ZW10, microtubules (DM1A), and DNA (Hoechst) after treating
the cells for 15 minutes with the indicated compounds. Scale bar: 10 µm. B.
Representative images of live cells stably expressing dynein heavy chain-GFP (DHCGFP) before and after addition of the indicated drugs at t = 0. Scale bar: 10 µm. C.
Representative immunofluorescence images of ZW10 in TS20 cells after treating the
cells for 15 minutes with the indicated compounds. Scale bar: 10 µm.
NSC697923- and PYR-41-induced dynein relocalization is suppressed by
simultaneous treatment with the deubiquitinase inhibitor PR-619
If the PYR-41 and NSC697923 mediated effects on dynein localization are due to
inhibition of ubiquitination, we reasoned that inhibiting the deubiquitinases might also
perturb the localization of dynein due to the dynamic balance of ubiquitin conjugation.
To test this premise, we assessed the consequences of treating cells with the nonselective deubiquitinase inhibitor, PR-619 (Figure 7A). Addition of PR-619 induced
dynein accumulation at the spindle poles in a smaller percentage of cells relative to
NSC697923 or PYR-41 treatment (Figures 7B and 7C). However, when PR-619 was
simultaneously added to cells with either NSC697923 or PYR-41, the percentage of
cells exhibiting accumulated dynein was reduced relative to NSC697923 or PYR-41
treatment alone (Figures 7B and 7C). Thus, PR-619 treatment appeared to suppress
the effects of NSC697923 and PYR-41 on dynein localization. Similar trends were also
observed for the relocalization of ZW10 and MAD1 (Figure 7D). If the effects of these
compounds are on-target, these results suggest that ubiquitination dynamics may be
critical for controlling dynein localization during mitosis. Inhibiting ubiquitination by
NSC697923 or PYR-41 treatment may allow the counteracting deubiquitinases to
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dominate, thereby resulting in rapid removal of ubiquitin from the substrate and
ultimately causing dynein to accumulate at the spindle poles.
Together, our observations that the mitotic localization of dynein can be rapidly
altered highlight the highly dynamic nature of dynein regulation within the cell.
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Figure 7. PR-619 suppresses the relocalization of dynein induced by NSC697923
and PYR-41. A. Cartoon illustrating the competing actions of the ubiquitinating enzymes
with the deubiquitinases. PR-619 is a non-selective deubiquitinase inhibitor. B.
Representative immunofluorescence images of stably expressed dynein heavy chainGFP (DHC-GFP), ZW10, microtubules (DM1A), and DNA (Hoechst) after treating the
cells for 15 minutes with the indicated compounds. Scale bar: 10 µm. C. Quantification
of the percentage of mitotic cells with punctate foci of dynein heavy chain on the spindle
poles for the indicated conditions. The data represents the replicate mean + SD. Each
replicate included 100 cells. 3-4 replicates were analyzed for all conditions. Statistical
significance was determined by unpaired t tests. ***, P ≤ 0.001; *, P ≤ 0.05. D.
Quantification of the percentage of mitotic cells with either ZW10 or MAD1 on the
spindle poles for the indicated conditions. ZW10 and MAD1 were co-stained in the cells
analyzed here (and distinct from the cells used to quantify DHC relocalization in panel C
above). We note that all cells with spindle pole-localized MAD1 also had ZW10 on the
spindle poles. A few cells with weak ZW10 signal did not display detectable MAD1
localization. The data represents the replicate mean + SD. Each replicate included 100
cells. 2 replicates were analyzed for each condition. Statistical significance was
determined by unpaired t tests. *, P ≤ 0.05.
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Discussion
As the primary minus-end directed microtubule motor, dynein is required for numerous
cellular processes. Thus, the localization and function of dynein must be precisely
regulated. For example, dynamic regulation of dynein localization during mitosis is
required for proper positioning of the mitotic spindle within the cell during both
metaphase and anaphase (Kiyomitsu and Cheeseman, 2012, 2013). Our work
highlights that the localization of dynein can be rapidly altered, as we observe a
dramatic change in the subcellular distribution of dynein within minutes of drug addition.
The ability to quickly retarget dynein to specific sites may allow the cell to dynamically
respond to changing needs in force generation or cargo transport.
NSC697923 and PYR-41 could alter dynein localization by several possible
mechanisms. First, as dynein is a minus-end directed motor and the microtubule minus
ends are located at the spindle poles, these inhibitors could stimulate dynein motility. In
support of this model, dynein relocalization is not observed when the microtubules have
been depolymerized (Figure 1C). A second, non-mutually exclusive mechanism entails
an enhanced interaction between dynein and a spindle pole-localized protein due to
modification of dynein, a dynein regulator, or a spindle-pole protein. This altered
interaction could recruit dynein complexes from the cytoplasm, or it could trap dynein
complexes that have arrived at the spindle pole after walking along a microtubule. In
fact, prior work found that ATP depletion or NDGA treatment prevents the release of
dynein from spindle poles and thereby causes a similar accumulation at the poles
(Howell et al., 2001; Yan et al., 2003; Yang et al., 2003; Arasaki et al., 2007; Famulski
et al., 2011), albeit with slower kinetics than what we observed here.
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Inhibitors targeting both ubiquitin E1 and E2 enzymes cause an increase in
dynein signal at spindle poles, suggesting that dynein localization is regulated by
ubiquitination. Indeed, another inhibitor of Ubc13, BAY 11-7082 (Strickson et al., 2013),
similarly relocalized dynein (data not shown). However, recent in vitro studies
demonstrated that BAY 11-7082 additionally inhibits the ubiquitin E1 enzyme (Koszela
et al., 2018). As BAY 11-7082 shares structural similarity with NSC697923, it is
plausible that dynein relocalization induced by NSC697923 is actually also due to
inhibition of the ubiquitin E1 enzyme. Alternatively, our observation that TAK-243, a
more potent (Yang et al., 2007; Hyer et al., 2018) and presumably more specific
ubiquitin E1 inhibitor, does not cause the same alteration in dynein localization suggests
that there may be another cellular target shared by both NSC697923 and PYR-41. Both
PYR-41 and NSC697923 are known to have off-target effects. PYR-41 has been shown
to non-specifically cross-link proteins (Kapuria et al., 2011) and NSC697923 inhibits the
activity of several deubiquitinases in vitro (Ritorto et al., 2014). Additionally, it is
important to note that TAK-243 treatment does not obviously affect the mitotic spindle
on the timescales analyzed here. In contrast, PYR-41 treatment causes the spindle
poles to move inwards towards the DNA (Figure 6B). As an inhibitor of the most
upstream step in the ubiquitination pathway, PYR-41 should inhibit almost all cellular
ubiquitination. Thus, it is particularly surprising that NSC697923 treatment, which should
only inhibit the subset of ubiquitination events catalyzed by Ubc13, results in potent
disassembly of the mitotic spindle (Figure 1B). Therefore, the distinct microtubule
phenotypes we observe after PYR-41 or NSC697923 treatment may be further
evidence of off-target effects of one or both compounds.
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Regardless of the precise mechanism used, the rapid relocalization of dynein
following the addition of NSC697923 and PYR-41 indicates a highly dynamic and
precise regulatory network controlling dynein function.
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Experimental Procedures
Molecular Biology
GFP-tagged constructs for expression in human cells were generated by cloning the
human cDNA into a pBABEblast vector containing an N-terminal LAP tag (GFP-TEV-S)
as described previously (Cheeseman and Desai, 2005).

Cell Culture and Cell Line Generation
HeLa cells were cultured in Dulbecco's modified Eagle medium supplemented with 10%
fetal bovine serum (GE Healthcare), 100 units/mL penicillin, 100 units/mL streptomycin,
and 2 mM L-glutamine at 37°C with 5% CO2. TS20 cells were cultured in Dulbecco's
modified Eagle medium supplemented with 10% fetal bovine serum (GE Healthcare), 2
mM L-glutamine, and MEM Non-essential amino acids at 35°C with 5% CO2.
HeLa cells expressing mouse DHC–GFP were obtained from MitoCheck
(Hutchins et al., 2010). HeLa cells expressing GFP-tagged Tctex-type3, ARP1, Lis1,
Nde1, CENP-A and CSAP were generated by retroviral infection followed by Blasticidin
selection and single-cell sorting. HeLa cells expressing GFP-ZW10 were a gift from
Geert Kops (Hubrecht Institute). TS20 cells are a BALB/3T3 cell line containing a
temperature sensitive mutation in the ubiquitin E1 enzyme, Uba1, and were a gift from
Nianli Sang (Drexel University). For experiments at the restrictive temperature, TS20
cells were cultured at 39°C for 8 hours before treating with PYR-41 for 15 minutes and
then fixing for immunofluorescence.

Chemicals
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All chemicals were resuspended in DMSO. NSC697923 (Sigma Aldrich) was used at 20
µM. Nocodazole (Sigma Aldrich) was used at 50 nM. MG132 (EMD Biosciences) was
used at 10 µM. CC0651 (Thermo Fisher Scientific) was used at 50 µM. Taxol (Life
Technologies) was used at 1 µM. PYR-41 (Santa Cruz Biotechnology) was used at 20
µM. TAK-243 (formerly MLN7243) was a gift from Hidde Ploegh (Whitehead Institute)
and used at 25 µM. PR-619 (Sigma Aldrich) was used at 100 µM. ZM447439 (R&D
Systems) was used at 2 µM. VX680 (LC Laboratories) was used at 2.5 µM. Flavopiridol
(Santa Cruz Biotechnology) was used at 5 µM. AZ3146 (Tocris) was used at 2 µM.
BI2536 (Thermo Fisher Scientific) was used at 10 µM. Okadaic acid (VWR) was used at
1 µM. To dose cells, drugs were diluted in fresh media and then added to the cells. For
immunofluorescence, cells were dosed for 15 minutes before fixation.

Immunofluorescence
Cells were plated on glass coverslips coated with poly-L-lysine (Sigma-Aldrich). Cells
were fixed with 4% formaldehyde in PHEM buffer (60 mM PIPES, 25 mM HEPES, 10
mM EGTA, and 4 mM MgSO4, pH 7) for 10 minutes. Blocking and all antibody dilutions
were performed using AbDil (20 mM Tris, 150 mM NaCl, 0.1% Triton X-100, 3% BSA,
and 0.1% NaN3, pH 7.5). PBS plus 0.1% Triton X-100 (PBS-TX) was used for washes.
GFP-Booster (Chromotek; 1:200 dilution) was used to amplify the fluorescence of the
GFP-tagged transgenes. DM1A was used to stain the microtubules (Sigma-Aldrich;
1:3,000 dilution). For staining of NuMA, ab36999 (Abcam) was used at a 1:500 dilution.
For staining of Spindly, rabbit anti-Spindly (Chan et al., 2009) (a gift from Erich Nigg and
Anna Santamaria, Max Planck Institute of Biochemistry) was used at a 1:1,000 dilution.
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For staining of MAD1, ab5783 (Abcam) was used at a 1:1,000 dilution. For staining of
MAD2, A300-301A (Bethyl Laboratories) was used at 1 µg/mL. For staining of Bub1,
ab54893 (Abcam) was used at a 1:500 dilution. For staining of ZW10, ab21582 (Abcam)
was used at 1 µg/ml. Cy3- and Cy5-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories) were used at a 1:300 dilution. DNA was visualized by
incubating cells in 1 µg/ml Hoechst-33342 (Sigma-Aldrich) in PBS-TX for 10 min.
Coverslips were mounted using PPDM (0.5% p-phenylenediamine and 20 mM Tris-Cl,
pH 8.8, in 90% glycerol).

Fluorescence microscopy
Images were acquired on a DeltaVision Core microscope (Applied Precision) equipped
with a CoolSnap HQ2 CCD camera (Photometrics). A 100x, 1.4-NA U-PlanApo
objective (Olympus) was used to image fixed cells, and a 60x, 1.42-NA Plan Apo N
objective (Olympus) was used for live-cell imaging. Images were deconvolved and
maximally projected. The fluorescence is not scaled equivalently in each panel to clearly
demonstrate the qualitative localization of each protein.
To quantify the spindle pole accumulation frequency of dynein heavy chain, each
replicate included 100 cells for each condition. The percentage of mitotic cells with
clear, strong foci of dynein-GFP signal on the spindle poles was denoted. 3-4 biological
replicates were analyzed for each condition and the mean percentage of cells (+ SD)
with strong dynein signal for those replicates was plotted. For ZW10 and MAD1, 2
biological replicates were analyzed for each condition and the mean percentage of cells
(+ SD) with spindle pole-localized signal for those replicates was plotted.
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Line scans were generated through the “Plot profile” function in ImageJ, using
maximally projected, but not deconvolved, images.
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Chapter V: Discussion and Future Directions

Portions of this chapter were adapted from The Company of Biologists Ltd:
Monda JK and Cheeseman IM. 2018. The kinetochore-microtubule interface at a
glance. Journal of Cell Science. 131, doi:10.1242/jcs.214577.
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Mitosis is a fundamental biological process required by all forms of life. During every cell
division, each replicated chromosome must be faithfully segregated to ensure stable
inheritance of the genetic material by the daughter cells. This highly intricate process
requires the assembly of a bipolar spindle, the attachment of the kinetochore of each
sister chromatid to microtubules emanating from one of the spindle poles, and the
maintenance of this attachment even as the microtubule elongates and depolymerizes.
Recent work has defined numerous molecular players that are involved in each of these
key aspects of mitosis. Given the complexity of the kinetochore, it is perhaps
unsurprising that many of these proteins have opposing activities: dynein and CENP-E
transport chromosomes in opposite directions, Astrin-SKAP must stabilize the
kinetochore-microtubule attachments, yet also allow for dynamic interactions and Ska1mediated tip-tracking, and MCAK destabilizes microtubules, whereas ch-TOG, CLIP170 and CLASPs promote microtubule growth. A key goal for future studies will
therefore be to uncover how the diverse activities of these molecules are integrated to
ensure faithful chromosome segregation.

How is Ska1 function coordinated with other microtubule-binding proteins of the
kinetochore?
Ska1 possesses the relatively unique ability of autonomously tracking the plus-end of
dynamic microtubules (Monda et al., 2017; Schmidt et al., 2012). However, when
oligomerized, Ndc80, the central player at the kinetochore-microtubule interface, has
also been shown to track depolymerizing microtubules (McIntosh et al., 2008; Powers et
al., 2009; Volkov et al., 2018). Current measurements suggest that there are ~14 Ndc80
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molecules bound to each kinetochore-microtubule (Suzuki et al., 2015). Therefore, it is
likely that Ndc80 also contributes to the ability of the kinetochore to tip track. It will be
important to determine how the tip-tracking abilities of Ska1 and Ndc80 are integrated to
ensure continuous association of the kinetochore with dynamic microtubules. A
complete molecular understanding of kinetochore-microtubule interactions will also
require determining how the Astrin-SKAP complex influences Ska1 and Ndc80
functions. Prior work using in vitro microtubule binding assays demonstrated that AstrinSKAP and Ndc80 bind synergistically to microtubules (Kern et al., 2017). Binding
experiments that additionally include Ska1, as well as in vitro tip-tracking assays will
yield significant insights into how these complexes work together to create a stable, yet
dynamic, microtubule attachment site.

What is the structural basis for dynein regulation by Nde1?
Nde1 is a key regulator of cytoplasmic dynein, yet prior work suggested that the role of
Nde1 was limited to recruiting an additional adapter, Lis1, to the dynein complex (Huang
et al., 2012; McKenney et al., 2011). In Chapter III, I show that prophase centrosome
placement does not require an Nde1-Lis1 interaction, even though Lis1 itself is required.
This result suggests that there may be multiple conformations of a dynein-Nde1-Lis1
complex that utilize distinct intermolecular interactions. Cryo-electron microscopy
studies of this complex could yield insights into the structural rearrangements that
activate and regulate dynein function. Alternatively, the use of different intermolecular
interactions may fine-tune the force production or motility exhibited by dynein. Thus, it
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would be interesting to examine dynein function in optical trapping experiments with
Lis1 and either wild type or mutant Nde1 that is unable to bind Lis1.

What is the physiological role of the Nde1-26S proteasome interaction?
In Chapter III, I discover an interaction between the canonical human isoform of Nde1,
Nde1_SSSC, and the 26S proteasome. Although loss of Nde1 in cultured cells does not
result in obvious phenotypic consequences (Bolhy et al., 2011; Lam et al., 2010;
McKinley and Cheeseman, 2017; Raaijmakers et al., 2013), Nde1 is required for proper
neurodevelopment (Alkuraya et al., 2011; Bakircioglu et al., 2011; Feng and Walsh,
2004; Guven et al., 2012; Paciorkowski et al., 2013; Tan et al., 2017). Nde1_SSSC is a
recently evolved isoform not found in mice, and intriguingly, loss of Nde1 results in more
severe defects in humans than in mice (Bakircioglu et al., 2011). Thus, the Nde1proteasome interaction may play a key role in human brain development. The recently
developed cerebral organoids (Lancaster et al., 2013) will provide a powerful system in
which

to

probe

for

a

contribution

of

the

Nde1-proteasome

interaction

in

neurodevelopment. However, it is also possible that these organoids do not yet
recapitulate enough of the physiology of the human brain. Loss of Nde1 in human
patients results in both decreased brain size (microcephaly) and a lack of cortical folding
(lissencephaly) (Alkuraya et al., 2011; Bakircioglu et al., 2011; Guven et al., 2012;
Paciorkowski et al., 2013; Tan et al., 2017). Although cerebral organoids have been
powerful model systems to study alterations in brain size (Cugola et al., 2016; Dang et
al., 2016; Gabriel et al., 2017; Garcez et al., 2016; Lancaster et al., 2013; Li et al.,
2017a; Qian et al., 2016; Salick et al., 2017), cerebral organoids do not exhibit cortical

169

folding and therefore cannot currently be used to model lissencephaly without
introducing additional mutations (Li et al., 2017b). Because the molecular or physical
properties that promote cortical folding remain incompletely understood, it will be of
critical importance to identify these features and develop in vitro culture systems that
more faithfully mimic the human brain.

What controls spindle pole accumulation of dynein?
In Chapter IV, I demonstrate that the mitotic localization of dynein is rapidly altered
following the addition of small molecules targeting enzymes in the ubiquitination
pathway. However, it remains unclear whether the effects on dynein localization are due
to on- or off-target effects of these compounds. Determining the molecular basis for the
relocalization of dynein will provide significant insights into dynein regulation. If the
effects are on-target, quantitative mass spectrometry analyses of ubiquitination events
after short drug treatments could identify the ubiquitination site or sites that control
dynein localization at the spindle pole. Alternatively, if the accumulation of dynein at the
spindle poles is not due to inhibiting ubiquitination, there are several methods that could
be used to determine the protein targets of these small molecules. For example, if the
small molecule of interest can be derivatized with a tag such as biotin, an unbiased
mass spectrometry-based approach could be used to identify proteins bound by the
small molecule (Sleno and Emili, 2008; Wang et al., 2007). An alternative approach,
called DARTS, does not require chemical modification of the small molecule, and
instead relies on the observation that proteins bound to small molecules often exhibit
protease resistance (Lomenick et al., 2009). Because these ubiquitination inhibitors are
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widely used in cell biological studies, protein target studies will be highly informative as
to the specificity, or lack thereof, of these compounds.

Concluding Remarks
The work presented in this thesis defines functional and regulatory mechanisms
underlying two key microtubule-binding complexes – Ska1 and cytoplasmic dynein.
Additionally, I identified a novel interaction between the dynein adapter, Nde1, and the
26 proteasome. Future studies addressing the many open questions surrounding this
work will continue to provide novel insights into the mechanisms ensuring faithful
chromosome segregation during ever cell division, and will hopefully also yield insights
into human neurodevelopment.
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Erroneous kinetochore-microtubule interactions must be detected and corrected
before a cell enters anaphase to prevent chromosome mis-segregation. Two new
studies describe an Aurora A-mediated error correction mechanism based on the
spatial position of a chromosome within the mitotic spindle.
Faithful segregation of the chromosomes to each daughter cell is an essential
feature of cell division. Failure to accurately distribute the genomic material can result in
aneuploidy and can have catastrophic consequences for the viability of a cell or
organism. To segregate the chromosomes, microtubules emanating from the spindle
poles must attach to the DNA through the kinetochore, a large, multi-protein complex
assembled at the centromere of each chromosome. Proper segregation relies on the
attachment of each replicated sister chromatid (or, in meiosis I, each homologous
chromosome) to microtubules from opposite spindle poles in a process termed biorientation. The cell must therefore be able to not only identify unattached kinetochores,
but also distinguish bi-oriented from aberrantly attached kinetochores.
A key challenge lies in detecting erroneous attachments that may be
superficially similar to those of bi-oriented chromosomes. For example, sister
kinetochores may attach to microtubules emanating from the same spindle pole
(syntelic attachment), instead of opposing spindle poles. In this case, one important
difference is that the syntelically attached chromosome lacks the opposing spindle
forces required to generate tension across the sister kinetochore pair. Previous work
has demonstrated that this tension can be detected by Aurora B kinase (Liu et al.,
2009). Aurora B localizes to the inner centromere and, under low-tension conditions,
phosphorylates kinetochore substrates such as Ndc80, the core microtubule-binding
complex of the outer kinetochore (Welburn et al., 2010). Once a chromosome achieves
bi-orientation, the kinetochores are stretched in opposing directions, moving the outer
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kinetochore substrates of Aurora B away from the inner centromere, thereby preventing
their phosphorylation and stabilizing the proper attachment (Figure 1).

Figure 1. Error correction mechanisms for improper kinetochore-microtubule
attachments. Two mechanisms correct erroneous microtubule attachments. Because
syntelic chromosomes are not under tension, Aurora B can phosphorylate outer
kinetochore substrates, such as the Ndc80 complex (bottom left inset). The syntelic
attachment also creates imbalanced spindle forces on the chromosome, pulling the
chromosome towards the spindle pole to which it is attached. At the spindle pole, the
outer kinetochore can be phosphorylated by Aurora A, in addition to Aurora B,
destabilizing the microtubule attachment (bottom right inset). Bi-orientation of the
chromosome results in balanced spindle forces and stretched kinetochores, thus
preventing both Aurora A and Aurora B activity (top inset).
In addition to differences in tension at kinetochores, the spatial organization of
the chromosomes could also help distinguish whether proper microtubule attachments
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have been formed. Bi-oriented chromosomes align at the metaphase plate in the middle
of the cell through the balance of spindle forces from opposing poles. In contrast,
improperly attached chromosomes experience uneven spindle forces, and are
frequently situated closer to one spindle pole. In fact, an initial event in the correction of
syntelic attachments is the movement of the improperly attached chromosome towards
the spindle pole (Lampson et al., 2004). Mis-alignment of the chromosome within the
spindle could provide an important signal to distinguish these improper attachments.
Now, new work by Chmátal and Yang et al. (Chmátal et al., 2015) from the Lampson
lab, and Ye et al. (Ye et al., 2015) from the Maresca lab, identifies a spatial mechanism
for error correction in which another kinase of the Aurora family, Aurora A, destabilizes
microtubule attachments from chromosomes in the vicinity of the spindle poles (Figure
1).
While the importance of Aurora B kinase in error correction is well established
(Lampson and Cheeseman, 2011), the work from Ye et al. (Ye et al., 2015) and
Chmátal and Yang et al. (Chmátal et al., 2015) now implicates Aurora A in error
correction. The Aurora A and Aurora B kinases are found in most eukaryotes and share
both high sequence identity as well as identical consensus phosphorylation sequences.
In fact, several substrates have been reported to be phosphorylated by both Aurora A
and Aurora B (Carmena et al., 2009). However, these phosphorylation events occur at
different times in mitosis (Carmena et al., 2009), and Aurora A and Aurora B display
non-overlapping subcellular localizations. Specifically, unlike Aurora B, Aurora A
localizes to the centrosome where it plays a key role in promoting centrosome
maturation and spindle pole separation (Barr and Gergely, 2007). Thus, it has
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previously been thought that these two kinases perform distinct functions, primarily
guided by their localization within the cell. However, because erroneously attached
chromosomes are frequently located near a spindle pole, both Chmátal and Yang et al.
(Chmátal et al., 2015) and Ye et al. (Ye et al., 2015) hypothesized that, analogous to the
role Aurora B plays at the inner centromere, Aurora A kinase may mediate error
correction at the spindle pole.
To test this hypothesis, these studies exploited several elegant methods to
generate increased frequencies of mis-positioned chromosomes. For example, Ye et al.
(Ye et al., 2015) artificially increased the number of mis-positioned chromosomes by
overexpressing

the

kinesin

NOD.

Previous

work

demonstrated

that

NOD

overexpression leads to increased polar ejection forces that stabilize syntelic
kinetochore-microtubule attachments (Cane et al., 2013). Chmátal and Yang et al.
(Chmátal et al., 2015) used a different approach, largely performing their experiments in
mouse oocytes in meiosis I with asymmetric homologous chromosomes that are able to
form microtubule attachments with both poles, but do not align on the metaphase plate.
In this system, the homolog closest to a spindle pole is typically detached from
microtubules, supporting the idea that spatial positioning of the chromosome plays a
role

in

regulating

kinetochore-microtubule

attachments.

Using

these

different

experimental designs, both Ye et al. and Chmátal and Yang et al. demonstrated that
overexpression of wild-type Aurora A reduced the number of kinetochore-microtubule
attachments seen near the spindle poles. Similarly, disrupting Aurora A kinase activity
using small molecule inhibitors, RNAi, or overexpression of a kinase-dead Aurora A
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mutant, led to an increased frequency of microtubule attachments to kinetochores near
the spindle pole.
To determine the timing in which the kinetochore-microtubule attachment was
destabilized relative to the movement of the chromosome towards the spindle pole,
Chmátal and Yang et al. (Chmátal et al., 2015) monitored the levels of the spindle
assembly checkpoint protein Mad1 at kinetochores. Because Mad1 only localizes to
unattached kinetochores, its levels provide a readout for the attachment status of an
individual kinetochore (Musacchio and Salmon, 2007). Their data indicate that the
movement of the chromosome towards the pole precedes Mad1 accumulation, nicely
demonstrating that positioning of the chromosome near the spindle pole is the cause,
not the consequence, of the destabilization of the kinetochore-microtubule attachment.
To investigate the mechanism by which Aurora A leads to destabilization of
syntelic attachments near the spindle poles, Ye et al. (Ye et al., 2015) tested whether
kinetochore substrates are phosphorylated by Aurora A. Using a kinetochore-targeted
FRET sensor that is sensitive to phosphorylation by Aurora family kinases (Fuller et al.,
2008), the authors found an increase in phosphorylation of kinetochores near the
spindle poles as compared with kinetochores of aligned chromosomes. Depletion of
Aurora A by RNAi significantly reduced this phosphorylation of the FRET sensor near
the spindle poles. Because the Ndc80 complex is a well characterized substrate of
Aurora B in the tension-sensitive error correction system, Ye et al. (Ye et al., 2015)
tested whether this complex may be an Aurora A substrate as well. The authors used a
phospho-specific antibody to serine 55 of the Ndc80 complex subunit Hec1, a known
site of Aurora B-mediated regulation (Cheeseman et al., 2006; DeLuca et al., 2006;
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Ciferri et al., 2008). Indeed, after treatment with an Aurora A inhibitor, they saw a
decrease in phosphorylation of this site (Figure 1). This new work now reveals that
Aurora A and Aurora B share a common substrate for the correction of improper
microtubule attachments.
Although Aurora A and Aurora B were previously thought to perform unique
functions, the work from Chmátal and Yang et al. (Chmátal et al., 2015) and Ye et al.
(Ye et al., 2015) reveals that both kinases destabilize erroneous microtubule
attachments. Interestingly, these kinases execute this function using at least one shared
downstream target, the Ndc80 complex. However, because of the distinct subcellular
localizations of Aurora A and Aurora B, these two related kinases utilize different
mechanisms to identify inappropriate microtubule attachments. Together, the work from
Chmátal and Yang et al. (Chmátal et al., 2015) and Ye et al. (Ye et al., 2015)
convincingly identifies the presence of an Aurora A-mediated error correction
mechanism based on the destabilization of microtubule attachments near the spindle
poles.
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