Aurora A phosphorylates Ndel1 to reduce the
levels of Mad1 and NuMA at spindle poles
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ABSTRACT Dynein inactivates the spindle assembly checkpoint (SAC) by transporting check-
point proteins away from kinetochores toward spindle poles in a process known as “strip-
ping.” We find that inhibition of Aurora A kinase, which is localized to spindle poles, enables
the accumulation of the spindle checkpoint activator Mad1 at poles where it is normally ab-
sent. Aurora kinases phosphorylate the dynein activator NudE neurodevelopment protein 1
like 1 (Ndel1) on Ser285 and Mad1 accumulates at poles when Ndel1 is replaced by a non-
phosphorylatable mutant in human cells. The pole focusing protein NuMA, transported to
poles by dynein, also accumulates at poles in cells harboring a mutant Ndel1. Phosphoryla-
tion of Ndel1 on Ser285 is required for robust spindle checkpoint activity and regulates the
poles of asters in Xenopus extracts. Our data suggest that dynein/SAC complexes that are
generated at kinetochores and then transported directionally toward poles on microtubules
are inhibited by Aurora A before they reach spindle poles. These data suggest that Aurora A
generates a spatial signal at spindle poles that controls dynein transport and spindle function.
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INTRODUCTION

The formation of a mitotic spindle requires both spatial and tempo-
ral regulation to ensure accurate segregation of chromosomes. A
major form of temporal regulation is generated by the spindle as-
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sembly checkpoint (SAC), which controls the cell cycle to ensure that
all chromosomes have aligned at the metaphase plate before the
cell segregates sister chromatids at anaphase. It has been sug-
gested that Aurora kinases are a source of spatial information be-
cause they localize to distinct locations on the mitotic spindle, in-
cluding Aurora A kinase that is found at spindle poles (Giet and
Prigent, 2000; Giet et al., 2002; Carmena and Earnshaw, 2003; Barr
and Gergely, 2007).

Cytoplasmic dynein 1 (dynein) is the major minus end directed
microtubule motor. The loading and unloading of dynein onto mi-
crotubules, and the interaction of dynein with its cargo, must be
tightly regulated to carry out dynein’s numerous cellular functions.
However, the mechanisms that disassemble dynein complexes on
microtubules are poorly understood. During formation of the mi-
totic spindle, dynein transports proteins such as nuclear mitotic ap-
paratus protein 1 (NuMA) that cross-link microtubules to spindle
poles (Vaisberg et al., 1993; Heald et al., 1996; Merdes et al., 2000).
Moreover, as kinetochore-microtubule attachments are formed and
chromosomes align at the metaphase plate, dynein removes the
SAC proteins from kinetochores in a process known as “dynein strip-
ping” (King et al., 2000; Howell et al., 2001). After dynein strips SAC
proteins off kinetochores, they do not accumulate at poles, indicat-
ing that there may be mechanisms that limit dynein transport on the
spindle. The strongest data for this model comes from a classic ex-
periment where cellular ATP levels were decreased and both dynein
and the SAC proteins accumulate at poles (Howell et al., 2001). This
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classic experiment suggests that low ATP levels are sufficient for
dynein motility but there are ATP-dependent mechanisms that pre-
vent dynein from carrying cargo the full distance to spindle poles.

Dynein processivity is tightly regulated via interactions with ac-
cessory proteins including NudE neurodevelopment protein 1 like 1
(Ndel1) and lissencephaly-1 (Lis1; Reck-Peterson et al., 2018). Ndel1
forms a homodimer through a long coiled-coil domain, which acts
as a regulated molecular scaffold to link dynein to its processivity
factor Lis1 (Efimov and Morris, 2000; Derewenda et al., 2007;
McKenney et al., 2010; Wang and Zheng, 2011; Zytkiewicz et al.,
2011; Huang et al., 2012). Interactions between Ndel1, Lis1, and
dynein are regulated by phosphorylation of the C-terminal unstruc-
tured domain of Ndell (Mori et al., 2007; Hebbar et al., 2008;
Bradshaw et al., 2011; Zytkiewicz et al., 2011). This region is phos-
phorylated on at least seven sites by four kinases, supporting a com-
plex pattern of regulation (Mori et al., 2007; Hebbar et al., 2008;
Bradshaw et al., 2011; Zytkiewicz et al., 2011, Takitoh et al., 2012;
Wynne and Vallee, 2018). The C terminus of Ndel1 also contains a
short helix that binds the dynein regulator disrupted in schizophre-
nia 1 (DISC1; Kamiya et al., 2006; Ye et al., 2017).

Aurora A kinase is found at spindle poles after nuclear envelope
breakdown (Gopalan et al., 1997; Giet and Prigent, 2000; Katayama
etal., 2008; Chmatal et al., 2015; Deluca et al., 2018b; Eot-Houllier
et al., 2018). Aurora A is required for proper pole formation and
most likely phosphorylates many sites to do this. One key substrate
is the NuMA protein that is transported by dynein to poles. Once at
poles, NuMA cross-links microtubules to generate a focus of micro-
tubule minus ends (Gaglio et al., 1995; Merdes et al., 1996; Dionne
etal., 1999; Silk et al., 2009; Seldin et al., 2016; Chinen et al., 2020).
Ndel1 is phosphorylated by Aurora A on Ser251 during prophase,
which is required for transforming acidic coiled-coil (TACC) recruit-
ment to stabilize spindle poles (Mori et al., 2007, 2009; Takitoh
et al., 2012), but this phospho-epitope is not detected during later
stages of mitosis.

The localization of Aurora A kinase to poles provides a potential
mechanism to generate spatial information that defines a location
on the mitotic spindle. Dynein stripping provides an experimental
opportunity to test this idea because the complexes are generated
at kinetochores and then directionally transported toward the poles.
Here we identify a mechanism that limits dynein/SAC protein com-
plexes before they reach spindle poles. We show that Aurora A can
directly phosphorylate Ndel1 at S285 in vitro. Nonphosphorylatable
mutants of Ndel1 accumulate the dynein cargoes NuMA and Mad1
at poles suggesting a role in down-regulating dynein activity. Phos-
phorylation of Ndel1 on Ser285 is also required to maintain a robust
SAC response. Phosphorylation of Ndel1 by Aurora is required for
pole formation during Xenopus aster formation assays, which mim-
ics pole formation in the absence of redundant activities from cen-
trosomes. Our findings suggest Aurora A phosphorylates Ndel1 on
transporting dynein complexes as they near the poles to limit the
accumulation of NuMA and release SAC proteins before they reach
spindle poles. These data provide a mechanism to regulate dynein
transport and a formal test that Aurora A at poles can generate spa-
tial cues to control the mitotic spindle.

RESULTS

Mad1 accumulates at spindle poles after inhibition of
Aurora A kinase activity

We observed that the SAC protein Mad1 localized to poles in a
dose-dependent manner after treatment with the pan Aurora kinase
inhibitor VX680 (Supplemental Figure S1, A-C; Harrington et al.,
2004). The IC50 of VX680 for Aurora A is only threefold lower than
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Aurora B kinase (de Groot et al., 2015). We then employed two
specific Aurora inhibitors that have distinct structures from VX680 to
determine which of the Aurora kinases was responsible for this ef-
fect. Aurora A inhibition by MLN8054 (MLN) but not Aurora B by
AZD1152 resulted in an accumulation of Mad1 at the spindle poles.
MLN8054 (200 nM) produced a statistically significant increase in
Mad1 at poles and strongly inhibited T-loop autophosphorylation
on Aurora A but had little effect on Aurora B (Figure 1, A-D, and
Supplemental Figure S1, D-l). Both MLN and AZD reduced the
amount of Mad1 at kinetochores, consistent with previous results
that demonstrate Aurora B regulates Mad2 levels at the kineto-
chores (Figures 1, A-D, and Supplemental Figure S1, D-I; Ditchfield
et al., 2003; Matson and Stukenberg, 2014). These data suggest
that Aurora A activity near spindles promotes the release of stripped
SAC proteins before they reach the poles.

We confirmed that this accumulation of Mad1 at poles was dy-
nein dependent by treating Hela cells with Aurora A inhibitors while
also expressing either GFP or the GFP-CC1, which is a dominant
negative fragment of the dynactin complex (Quintyne et al., 1999).
We found that Mad1 failed to accumulate at the spindle poles if
both Aurora A and dynein activity was inhibited, indicating that the
pole accumulation of Mad1 at poles is dynein dependent (Figure 1E
and quantified in Figure 1F).

Aurora kinases phosphorylate Ndel1 near a C-terminal helix
at kinetochores and spindle poles

Phosphoregulation of dynein is often mediated by its regulator
Ndel1. Ndel1 has an N-terminal coiled coil that acts as a regulated
molecular scaffold to link dynein to its processivity factor Lis1 (Efimov
and Morris, 2000; McKenney et al., 2010; Zytkiewicz et al., 2011;
Huang et al., 2012). Ndel1 is regulated by multiple phosphorylation
sites on its C-terminal unstructured domain (Mori et al., 2007;
Hebbar et al., 2008; Bradshaw et al., 2011; Zytkiewicz et al., 2011;
Takitoh et al., 2012; Wynne and Vallee, 2018), and we hypothesized
that Aurora kinase phosphorylates Ndel1 (Figure 2A and Supple-
mental Figure S2A) to regulate dynein stripping. Different fragments
of recombinant mouse Ndel1 (mNdel1) protein were phosphory-
lated by Aurora A and Aurora B kinases in vitro (Figure 2B and Sup-
plemental Figure S2B). Two Ndel1 fragments that contain portions
of the C-terminal tail, mNdel1'7"-250 and mNdel18-3'%, were in vitro
substrates of both Aurora A and Aurora B (Figure 2B). Next, we
mapped these in vitro phosphorylation sites by mass spectrometry
on the mNdel18310 protein, and identified a previously unknown
phosphorylation site on Ser285 that fits the Aurora kinase consensus
sequence (Supplemental Figure S2C). Interestingly, this site sits next
to a helix that binds the DISC1 protein (Ye et al., 2017), which is also
required for dynein function, and a previously characterized Aurora
phosphorylation site sits on the other end of this helix (5251). We
performed in vitro kinase assays with Aurora A and Aurora B on re-
combinant mNdel18-310 containing alanine substitutions at Ser194
(which fits the Aurora consensus), Ser285, or Ser251 (Figure 2C).
Both Aurora kinases poorly phosphorylated the Ndel1 S285A mu-
tant but phosphorylation of the Ser194A or S251A mutant were not
dramatically affected (Figure 2C). We conclude that Ser285 is a ma-
jor Aurora kinase in vitro phosphorylation site in the C terminus of
Ndel1.

To determine the mitotic subcellular location where Ndel1 is
phosphorylated on Ser285, we raised polyclonal rabbit antibodies
against a peptide containing the 15 amino acids that surround
Xenopus Ser285 with phosphorylated serine Ser285 in the central
position. Antibodies were passed through a column containing an
unmodified peptide, and subsequently affinity purified using the
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The Mad1 SAC protein relocalizes from kinetochores to spindle poles after inhibition of Aurora A kinase
activity in prometaphase cells. (A, B) Representative images depicting the localization of Mad1 (red) in HeLa T-Rex cells
treated with increasing concentrations of Aurora A inhibitor MLN8054, with tubulin (cyan) and centromere (green)
costaining. Note: Aurora A inhibition by MLN had an unexpected effect on anti-centromere antigen (ACA) staining so
we altered the levels of ACA in each image so that centromeres are clearly visible. The ACA staining has not been
adjusted in Supplemental Figure S1. Bar =5 pm; N = 3 experimental repeats. (C, D) Quantification of Mad1 fluorescent
intensity at the kinetochores (C) and at the spindle poles (D) in the experiment depicted in panels A and B. We have not
ratioed the Mad1 staining by the ACA signal; however, we confirmed that the results were similar if this was done
(Supplemental Figure S1). (Box, 25th-75th percentile; whisker, 5th-95th percentile; bar in middle, median. One-way
ANOVA, with *, p < 0.05; ***, p < 0.0005). (E) Representative images depicting localization of Mad1 (red) in HeLa T-Rex
cells expressing GFP (-CC1) or GFP-CC1 (+CC1) in mitotic cells treated with 1.5 pM MLN8054; bar = 5 pm.

(F) Quantification of cells containing visible Mad1 signal at centrosomes from experiment depicted in panel C

(n>100 cells; N = 3; ***, p < 0.005; Student’s t test, unpaired).

target pSer285 phosphopeptide. We then analyzed the localization
of Ndel1 pSer285 in mitotic Xenopus S3 cells (a nontransformed cell
line that remains flat during mitosis with large spindles) by immuno-
fluorescence. Both Ndel1 (Figure 2D) and Ndel1 pS285 signals co-
localize with Ndc80 at most kinetochores in prometaphase and
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some but not all kinetochores in metaphase (Figure 2E). Ndel1
Ser285 phosphorylation also strongly labeled centrosomes, and this
was was dependent on Aurora kinase activity and could be com-
pleted by the phosphorylated peptide (Figure 2E and Supplemental
Figure S2, D-G). We conclude that Aurora kinases phosphorylate
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Aurora kinases phosphorylate Ndel1 near a C-terminal helix | Ser285 at spindle poles and kinetochores.
(A) Domain structure of Ndel1. Crystal structure of the N-terminal coiled-coil domain (PDB: 2V71) with critical amino
acids required for dynein intermediate chain (DIC) binding (red ball and stick) and Lis1 (green ball and stick) highlighted.
The C terminus of Ndel1 is mostly unstructured but contains two protein binding sites and a number of previously
identified phosphorylation sites (purple), including previously reported Aurora site Ser251 (red). Here we describe a new
Aurora phosphorylation site Ser285 (red with asterisks). Note that two Aurora sites are conserved in frogs, rodents, and
humans and flank an alpha helical domain (box) that is required for DISC1 binding. (B) The C terminus of Ndel1 is
phosphorylated by Aurora kinases. The indicated mNdel1 fragments were phosphorylated in vitro by either
recombinant Aurora A or Aurora B kinase and analyzed on the SDS-PAGE and autoradiography. (C) Ser285 is the
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Ndel1 at Ser285 at spindle poles and the kinetochores of unaligned
chromosomes.

Phosphorylation of Ndel1 at S285 prevents accumulation of
SAC proteins at poles

To determine whether Ndel1 phosphorylation at S285 underlies the
accumulation of Mad1 seen after treatments with Aurora A inhibi-
tors (Figure 1 and Supplemental Figure S1), we visualized mitotic
events in human cells after the replacement of the endogenous
Ndel1 with either recombinant Nde1-GFP or Ndel1(5285A)-GFP.
The siRNA treatment efficiently depleted the endogenous proteins
and rescued recombinant proteins were higher than endogenous
proteins (Ndel1[S285A]-GFP is also higher than Nde1-GFP; Supple-
mental Figure S3A). Prometaphase cells expressing the Ndel1
S285A accumulate Mad1 at the spindle poles (Figure 3A and quan-
tified in Figure 3B), suggesting that Aurora phosphorylation of
Ndel1 S285 is required to limit dynein-dependent transport of SAC
proteins.

To determine whether Aurora phosphorylation of Ndel1 affects
SAC signaling, we treated the cells replaced with either Ndel1 wild-
type (WT) or Ndel1 S285A mutant with low concentrations of no-
codazole and measured SAC arrest. While the nontreated cells did
not show any difference in proliferation (Supplemental Figure S3B),
the low dose of nocodazole dramatically reduced proliferation of
cells replaced with the WT Ndel1 transgene. Interestingly, cells ex-
pressing the Ndel1 S285A mutant showed significantly faster prolif-
eration (Figure 3C and Supplemental Figure S3, C and D). The sim-
plest explanation for the increase in proliferation was that cells
expressing Ndel S285A escape SAC arrest more often. Cells ex-
pressing Ndel1 S285A mutant slipped out of the mitotic arrest gen-
erated by nocodazole more efficiently than the cells expressing
Ndel1 WT protein as visualized by live-cell imaging, which can in
part explain the reduced proliferation of the Ndel1 WT cells (Figure
3D and Supplemental Figure S3, E and F). We conclude that Aurora
phosphorylation of Ndel1 is required for robust SAC arrest.

Phosphorylation of Ndel1 on Ser285 also limits the
localization of NuMA to spindle poles and negatively
regulates dynein-dependent aster formation in Xenopus
egg extracts

Dynein-dependent transport of NuMA to spindle poles is crucial for
spindle pole assembly and maintenance (Merdes et al., 1996, 2000,
reviewed in Kiyomitsu and Boerner, 2021). Previous work has shown
that Aurora A phosphorylates NuUMA to limit that accumulation of
NuMA at poles (Gallini et al., 2016). To ascertain whether Ndel1
S285 phosphorylation also regulates the localization of NuMA at
poles, we visualized the mitotic event in human cells after the re-
placement of the endogenous Ndell with either recombinant
Nde1-GFP or Ndel1(S285A)-GFP. Cells were stained with anti-
NuMA, tubulin, and anti-centromere antigen (ACA) antibodies to
visualize the localization of NuUMA at poles. Ndel1 S285A mutant
shows increased accumulation of NuMA at the spindle poles (Figure
4A and quantified in Figure 4B). These results suggest that dynein-
dependent accumulation of NuMA is also limited by Aurora phos-
phorylation of Ndel1 at 5285.

To measure a role for Ndel1 phosphorylation in pole formation,
we measured Ran-dependent aster formation in the Xenopus egg
extract system. This reaction is Ndel1, dynein, and NuMA dependent
and mimics the formation of spindle poles in the absence of redun-
dant activities supplied by centrosomes (Merdes et al., 1996; Wiese
et al., 2001; Zytkiewicz et al., 2011). Ndel1 was immunodepleted
from Xenopus egg extracts with polyclonal antibodies that specifi-
cally remove Ndel1, but not dynein, dynactin, or LisT (Zytkiewicz
etal., 2011). Ndel1 function was rescued by the addition of recombi-
nant mouse Ndel1 proteins at either the measured endogenous con-
centration (100 nM) or at two lower concentrations (50 and 10 nM).
As expected, Ndel1 depletion yielded unfocused microtubule struc-
tures consistent with previous reports (Figure 4C and quantified in
Figure 4D; Wang and Zheng, 2011; Zytkiewicz et al., 2011). Adding
back endogenous amounts of both the WT and mutant mNdel18-310
protein completely rescued this phenotype (Figure 4C and quanti-
fied in Figure 4D). However, the WT protein lost its ability to generate
asters when we decreased the amount of recombinant protein in res-
cue experiments to 50% or 10% of endogenous concentration
(Figure 4C and quantified in Figure 4D). In contrast, 10% of mN-
del18-310 S285A fully rescued aster formation (Figure 4C and quanti-
fied in Figure 4D), suggesting that Aurora kinase phosphorylation
limits Ndel1 function. Next, we performed similar experiments using
a phosphomimetic mutant mNdel18-310 S285D. At endogenous
concentrations and at 50% of the endogenous concentration,
mNdel18-310 5285D partially rescued aster formation, but not as
effectively as the WT protein (Figure 4E and quantified in Figure 4F).
At 10% of the endogenous concentration, both proteins almost com-
pletely lost the ability to support aster formation, in clear contrast to
the mNdel18-310 S285A mutant (Figure 4E and quantified in Figure
4F). Thus, the nonphosphorylatable mutant increased dynein activity
and the phosphomimetic decreased dynein activity in Xenopus aster
formation. We conclude that Aurora kinase phosphorylation of $285
down-regulates Ndel1/dynein focusing of spindle poles.

DISCUSSION
Dynein uses its ATPase motor activity to transport SAC proteins
away from kinetochores after kinetochores obtain proper “end-on”
attachments. It is believed that the SAC signal can only be gener-
ated at kinetochores and this transport inactivates the SAC signal
and promotes cell cycle progression. However, SAC proteins are not
carried by dynein all the way to poles, and the reason for this was
poorly understood. We show that Aurora A kinase, which is located
near spindle poles, phosphorylates the dynein activator Ndel1 on
$285 to prevent accumulation at poles. We inhibited this mecha-
nism both by adding Aurora A small molecule inhibitors and by ex-
pressing a nonphosphorylatable Ndel1 site mutant, and both condi-
tions resulted in accumulation of SAC proteins at spindle poles.
Phosphorylation may be a general mechanism to inactivate dynein
transport, as dynein light chain Tctex-type 1 (Tctex-1) is also phos-
phorylated to dissociate dynein from its rhodopsin cargo in polar-
ized cells (Yeh et al., 2006).

Our results provide an explanation for a classic result that was
used to establish the concept of SAC stripping by dynein (Howell
etal., 2001). SAC proteins accumulated at poles if cells were treated

dominant Aurora phosphorylation site on Ndel1. The serines that fit the known Aurora consensus in the C terminus of
Ndel1 were mutated to alanines and tested in in vitro kinase assays with Aurora A or Aurora B kinase. (D) Ndel1 (red)
signal colocalizes with Ndc80 (blue) at most kinetochores and centrosomes in both prometaphase and metaphase in
Xenopus laevis S3 cells; bar = 10 pm. (E) Ndel1 pS285 (red) signal colocalizes with Ndc80 (blue) at kinetochores and

centrosomes in mitotic Xenopus laevis S3 cells; bar = 10 pm.
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with NaAzide and deoxyglucose to reduce ATP (Howell et al., 2001).
The interpretation being that the treated cells had enough ATP for
dynein to walk on microtubules but not enough for an ATP-sensitive
factor that prevents accumulation of SAC proteins at poles. Our
data suggest that Aurora A kinase is the ATP-sensitive factor that
prevents accumulation of SAC proteins at poles. Moreover, Aurora
A does this by phosphorylating Ndel1 to limit dynein activity. At this
point we do not know whether the phosphorylation of Ndel1 on
S285 causes the release of cargo from dynein or triggers the disso-
ciation of dynein from microtubules near the poles but note that
dynein accumulated at poles after treatments that reduce ATP
(Howell et al., 2001), which is consistent with Aurora A releasing dy-
nein from microtubules. Our experiments also suggest that the re-
lease of SAC proteins at poles has a function in cell cycle progres-
sion in that nonphosphorylatible mutants of Ndel1 fail to generate a
robust SAC response. The simplest explanation is that the release of
SAC proteins replenishes a soluble pool of SAC proteins so that
they can be recycled onto signaling kinetochores.

Aurora kinases have distinct locations and have been shown to
generate gradients of kinase activity (Fuller et al., 2008; Wang et al.,
2011; Ye et al., 2015). However, there are limited examples of how
cells actually use these gradients to generate spatial information to
control mitotic events (Chmatal et al., 2015; Ye et al., 2015; Mangal
et al., 2018). We propose a model whereby dynein carries SAC pro-
teins away from kinetochore along microtubules until it reaches a
region of high Aurora A kinase activity near spindle poles. At this
point, Ndel1 is phosphorylated at $285 to inhibit the transport of
SAC proteins by dynein. This is supported by a previous report
showing Aurora A limited NuMA accumulation at the spindle pole
upon Aurora A inhibition (Gallini et al., 2016).

Our studies have focused on the role of the Ndel1 $285 phos-
phorylation at poles, and additional studies are required to eluci-
date the role of $285 phosphorylation at kinetochores. We specu-
late that an Aurora kinase (likely Aurora B, although Aurora A has
been shown to phosphorylate some sites on kinetochores; Deluca
et al., 2018a) can also phosphorylate Ndel1 on S285 to inhibit the
initiation of dynein stripping on unaligned chromosomes. However,
our experiments to test this idea were not conclusive. We saw no
change to the amount of Mad1 at kinetochores in cells expressing
the S285A mutant, suggesting that if phosphorylation of S285 plays
a role, there are additional mechanisms to prevent stripping. There
are many possible regulators such as spindly and CENP-F that could
work in combination with Ndel1 phosphorylation to prevent dynein
stripping until microtubules are properly attached by kinetochores
(Gassmann et al., 2010; Auckland et al., 2020). An interesting pos-
sibility is Ndel1 homologue Nde1, which also controls stripping at
kinetochores (Auckland et al., 2020) and the Aurora site on 5250 is
well conserved, while the site at 5285 is replaced by a putative
CDK1 site. How phosphorylation of S285 controls Ndel1 function is
also an important area of future research. Ndel1 S285 and another
reported Aurora site S251 are located on two ends of an alpha helix
that has been reported to interact with dynein and the dynein regu-
lator DISC1 (Kamiya et al., 2006; Stehman et al., 2007; Wang and
Zheng, 2011; Zytkiewicz et al., 2011; Nyarko et al., 2012; Ye et al.,
2017). It will be important to test whether S285 phosphorylation in-
hibits one of these interactions to inhibit dynein activity.

Previous studies have reported Aurora A also phosphorylates
NuMA directly to limit the amount of NuMA at poles (Gallini et al.,
2016) where it cross-link spindles microtubules. We have extended
this study by showing that Aurora A also phosphorylates Ndel1 to
regulate dynein transport of NUMA to poles. Moreover, Ndel1
phosphorylation mutants regulated Ran aster formation, which is a
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subreaction of spindle pole formation that requires NuMA deposi-
tion. Thus, Aurora controls at least two dynein/cargo pairs at spindle
poles (dynein/Mad1 and dynein/NuMA) as well as having multiple
substrates to limit NuMA deposition (NuUMA and Ndel1) to regulate
spindle poles.

MATERIALS AND METHODS

Tissue culture

Xenopus S3 cells were cultured at 18°C in 66% L-15 media (Sigma)
supplemented with 10% fetal bovine serum (FBS), 1 mM sodium
pyruvate, 100 IU/ml penicillin, and 100 pg/ml streptomycin
(Invitrogen). Before fixation, cells were grown on acid-washed poly-
lysine or fibronectin (Sigma) -coated coverglass at 80% confluency
and fixed on the following day for 5-10 min with MeOH at —20°C.

We generated Hela T-Rex stable cell lines that expressed a
siRNA-resistant C-term LAP-tagged Ndell WT, S285A or S285D
variants behind a doxycycline inducible promoter as in Matson and
Stukenberg (2014). Cells were cultured at 37°C in DMEM media (Life
Technologies) supplemented with 10% FBS, 1 mM sodium pyruvate,
100 1U/ml penicillin, and 100 pg/ml streptomycin (Invitrogen).
After transfection (36 h) with siRNA targeting, endogenous Ndel1
cells (Ndel1siResFW: AGGAATTTTGCAAAGGATCAGGCATCAC-
GAAAATCCTATATTTCAGGG, NdellsiResRV; CCCTGAAATATAG-
GATTTTCGTGATGCCTGATCCTTTGCAAAATTCCT) were plated
on acid-washed poly-lysine or fibronectin (Sigma) -coated cover-
glass and the expression of Ndel1 mutants was induced by the ad-
dition of 50 nM doxycyclin. Cells were fixed after an additional 36 h
for 10-20 min with 2% paraformaldehyde (PFA) in PHEM buffer
(60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2, pH 6.8)
supplemented with 0.5% NP-40. AZD1152, MLN8054, or VX680
was added for 30 min before fixation at the specified concentrations
to inhibit Aurora B kinase, Aurora A kinase, or both Aurora kinases,
respectively.

For the experiment depicted in Figure 1, E and F, Hela T-Rex
cells were grown on acid-washed poly-lysine-coated coverglass and
transfected at 60-80% confluency with plasmids carrying GFP or
GFP-CC1 dynactin fragment. After 24 h, cells were treated with
1.5 uM MLN8054 for 30 min, followed by fixation with 2% PFA in
PHEM buffer supplemented with 0.5% NP-40.

Live-cell imaging

Following knockdown of endogenous Ndell and expression of
Ndel1 mutants in Hela cells as described above, cells were treated
with 20 nM nocodazole in the presence of 100 nM SiR-DNA dye and
observed under a Zeiss Axiovert epifluorescent microscope using
10x objective in a 37°C chamber and 5% CO,. Images were taken
every 5 min for the period of 24 h. Quantification of the duration of
mitosis was performed manually based on the DNA staining and
brightfield images. Only the cells that entered mitosis within the first
12 h from the start of the imaging were taken into consideration.

Cell proliferation assay

Cells that were treated with siNdel1 and doxycyclin to induce Ndel1
expression were subsequently treated with 20 nM nocodazole,
similarly as described above (see Live-cell imaging). A5 x 5 grid of
images was collected at the center of each well every 24 h using a
Zeiss Axiovert microscope with 10x objective. Images were subse-
quently processed in ImageJ (Schneider et al., 2012), image
background and shading correction was done using the BaSiC
plugin (Peng et al., 2017), and confluence was quantified using the
PHANTAST plugin (Jaccard et al., 2014). Results were normalized to
the confluence on day 0.
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Phosphorylation of Ndel1 on Ser285 also limits the localization of NuMA to spindle poles and negatively
regulates dynein-dependent aster formation in Xenopus egg extracts. (A, B) A nonphosphorylatable mutant of Ndel1
allows for increased recruitment of NuMA to the centrosomal region. (A) Representative images depicting localization
of NuMA (red) in HelLa T-Rex cells expressing Ndel1 WT or Ndel1 S285A mutant in mitotic cells; bar =5 pm.

(B) Quantification of experiment depicted in panel A (n =20 centrosomal regions; Student'’s t test, with ***, p < 0.0005).
(C, D) A nonphosphorylatable mutant of Ndel1 generates Ran asters at lower concentrations than WT Ndel1. Xenopus
egg extracts were depleted of Ndel1 and rescued with the indicated concentrations of recombinant mNdel1. Note that
Ndel1 S285A mutant rescued aster formation at 10 nM (10-fold less than endogenous Ndel1 level), whereas the WT
protein mNdel18-31° required higher concentrations to generate Ran asters. Representative microtubule structures are
shown in panel C, bar = 10 um, and the quantification is shown in panel D (n > 100 microtubule structures; N = 3;
Student’s t test, with *, p < 0.05; **, p < 0.005; ***, p < 0.0005; two-way ANOVA [red], with **, p < 0.005).

(E, F) A phosphomimetic mutant of Ser285 is deficient in Ran aster formation in Xenopus egg extracts. Experiment was
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Immunofluorescence

Fixed Hela cells were blocked with 3% bovine serum albumin (BSA)
in TBST (3% BSA/TBST), incubated with primary antibodies diluted
in 3% BSA/TBST for 1 h, and washed three times with TBST. This was
followed by a 30-min incubation with secondary antibodies diluted
in 3% BSA/TBST and three washes with TBST. Cells were briefly in-
cubated with 0.5 pg/ml 4’-6-diamidino-2-phenylindole (DAPI; Cell
Signaling) diluted in water and mounted in ProLongGold medium
(Invitrogen). Immunofluorescence on Xenopus S3 cells was per-
formed similarly, with the exception that the primary antibodies
were directly conjugated to fluorphores to enable three colors with
two species. Cells were blocked with 3% BSA/TBST and 10% normal
mouse serum or normal rabbit serum (both from Jackson Immu-
noresearch), followed by incubation with directly conjugated mouse
(tubulin) or rabbit (Ndel1, p.Ndel1, Ndc80) antibodies, respectively.
Primary antibodies were used at the following concentrations: anti-
centromere (ACA; 1:500; Antibodies), anti-Ndel1 (1:100; Zytkiewicz
et al, 2011), anti-pS285 (1:100; this study), anti-a-tubulin (1:200;
Thermo), anti-o-tubulin-FITC (1:200; Sigma), anti-Mad1 (1:1000;
Matson and Stukenberg, 2014), anti-NuMA (1:100; Cell Signaling),
and anti-Ndc80 (1:200; Emanuele et al., 2005). Secondary antibod-
ies were purchased from Jackson Immunoresearch.

Microscopy

Imaging for experiments depicted in Figure 1E, Figure 2, Figure 3,
Figure 4, and Supplemental Figure S2 was performed using a spin-
ning-disk confocal imaging system with a 63x 1.4 NA Plan-Apochro-
matic Zeiss objective lens on a Zeiss Axiovert 200 inverted micro-
scope. NanoScan Z motor (Prior), confocal attachment (Perkin
Elmer), and a krypton/argon laser (Perkin Elmer) with acousto-optic-
tunable filter were used to detect illumination at 488, 568, or 647
nm. Digital images were obtained with a digital CCD camera (Ham-
amatsu). Image acquisition, shutters, and z-slices were all controlled
by Volocity imaging software (Perkin Elmer) on a Mac computer.
Z-series optical overlapping sections were obtained in 0.4-pm steps.
All images compared with each other were processed identically in
Volocity (Perkin Elmer) to adjust contrast.

Experiments depicted in Figure 1, A and B, and Supplemental
Figure S1 were imaged using a Zeiss LSM 880 scanning confocal
microscope with a 63x NA Plan-Apochromatic Zeiss objective lens.
A 32-channel GaAsP detector array was used for signal detection.
Image acquisition, shutters, and z-slices were all controlled by Zen
Black software (Zeiss) on a PC computer. Z-series optical overlap-
ping sections were obtained in 0.5-pym steps.

Image analysis and quantification

Image analysis and quantification of fluorescence experiments
were performed in Volocity (Perkin Elmer). To quantify the inten-
sity at spindle poles, cirgular regions of interest (ROI) of diameter
~2 pm were drawn around areas of spindle pole signal as identi-
fied by microtubule staining. ROl areas were also drawn on blank
regions for each cell analyzed to determine background intensity.
Background intensity was calculated per volume unit (mm?3) and
subtracted from sum intensity/mm? to directly compare back-
ground-corrected intensity/volume units between spindle poles
with different volumes. Intensities were quantified separately for

each pole for 16-20 poles per condition and normalized to the
mean of intensities at spindle poles in Ndell WT cells. The ki-
netochore localization of Mad1 was quantified semiautomatically
in Volocity imaging software using ACA mask. Background inten-
sity was calculated per volume unit (mm?3) and subtracted from
sum intensity/mm? to directly compare background-corrected
(normalized) intensity/volume units between kinetochores with
different volumes. Intensities were quantified for >300 kineto-
chores from at least eight cells per condition. All quantified data
are representative of a single experiment that has been repli-
cated at least three times with similar trends.

Quantification of Figure 1, E and F, was performed by manual
identification of cells. Centrosomal staining was defined as two
strong Mad1 foci that were outside DNA identified by DAPI, which
were easy to distinguish from cells that only had scattered foci (that
colocalized with ACA) and are within the DAPI mass.

Cloning and protein purification

Constructs of mNdel1 were prepared as previously described
(Zytkiewicz et al., 2011). Briefly, PCR-amplified Ndel1 fragments were
ligated into pHis-Parallel2 vector (Sheffield et al., 1999) via Ncol and
Ndel restrictive sites to yield an N-terminally tagged mNdel1 variant
8-192, and C-terminally tagged mNdel1 8-310 and 191-250. é-His-
tagged proteins were expressed in the Escherichia coli strain BL21
(DE3/RIPL; Stratagene), and purified using Ni-NTA resin (Qiagen)
and gel filtration over Superdex 200 (Amersham Biosciences). Muta-
tions were introduced using a site-directed mutagenesis kit (Qiagen)
and were verified by sequencing. For rescue experiments proteins
were dialyzed into 10 mM K-HEPES, 100 mM KCl, pH 7.2.

Kinase assays

Kinase assays were performed in 100-pl reaction volumes contain-
ing 100 pg of Ndell proteins (mNdel18192, mNdel1'91-2%0, or
mNdel18-319), 1x kinase buffer (20 mM Tris, pH 7.5, 1 mM MgClI2,
25 mM KClI, 1 mM dithiothreitol [DTT], 40 pg/ml BSA), 100 uM ATP,
0.3 pl of 5 mCi/ml y-32P-ATP, and 2 ul of kinase. The following kinases
were used: Aurora A (Satinover et al., 2004) and Aurora B (NEB).

Mass spectrometry

In vitro Aurora B-INCENP77-847 (Sessa et al., 2005) phosphorylated
Ndel1(8-310) protein was reduced with DTT, alkylated with iodo-
acetamide and digested with 1 pg of modified trypsin (Promega)
overnight at room temperature. The sample was acidified to 5%
acetic acid and the resulting peptides were identified at the Mass
Spectrometry Core Facility at the University of Virginia using an
LC-MS/MS system consisting of a Thermo Electron LTQFT mass
spectrometer and a Protana nanospray ion source interfaced to a
self-packed 8 cm x 75 pm id Phenomenex Jupiter 10 ym C18 re-
versed-phase capillary column. The sample (20%) was injected into
the instrument, and peptides were eluted from the column by an
acetonitrile/0.1 M acetic acid gradient at a flow rate of 0.4 pl/min
over 1 h. The nanospray ion source was operated at 2.8 kV. The
instrument was set to collect in a data-dependent manner with a MS
scan (FT-resolution 100K) followed by MS/MS on the top 10 ions
(IT-CID). A similar MS run was done on a Thermo Electron LTOXL
using ETD fragmentation to provide complimentary data.

performed as in panels C and D, except the Ndel1 $285D mutant was used. Note that at endogenous concentrations of
100 nM the $285D mutant did not rescue aster formation. Representative microtubule structures are shown in panel E
(bar = 10 ym) and the quantification is shown in panel F (n > 100 microtubule structures; N = 3; Student’s t test, with

*, p < 0.05; **, p < 0.005; ***, p < 0.0005; two-way ANOVA [red], with ***, p < 0.0005).
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Identification of phosphorylated peptides

Data from the LTQFT was searched against the complete protein
sequence of Ndell using the Sequest algorithm within Thermo
Electron Bioworks 3.3.1 with a parent tolerance of 10 ppm and a
fragment tolerance of 0.8 Da allowing for a fixed modification to C
(carbamidomethyl) and variable modifications to M (oxidation) and
STY (phosphorylation). General Xcorr and peptide prophet filters
were used through Scaffold (Proteome Software v 1.7.0) to generate
a list of possible peptides from Ndel1. Those peptides that were
potentially phosphorylated were examined manually using CID and
ETD spectra to determine the site of phosphorylation (in one case
only narrowed to a region). The list of phosphosites was then used
in comparison to predicted sites/kinases and domains within Ndel1
to determine sites of interest for further study.

Xenopus egg extract experiments

Depletion and rescue experiments were performed and quantified
as previously described (Zytkiewicz et al., 2011). Titration experi-
ments were repeated three times and at least 100 microtubule struc-
tures were quantified for each condition as previously described
(Zytkiewicz et al., 2011). Counting was done blind and similarly local-
ized areas were picked for each sample.
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